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ABSTRACT 
 
Smart materials are capable of recognising environmental stimuli, processing the 
information arising from the stimuli, and responding to it in an appropriate manner. It is 
well known that smart textiles provide some interesting possibilities in this regard. 
Consequently, smart textiles based on artificial muscles polymer actuators will provide a 
breakthrough to many areas including soft robotics, prosthetics, and healthcare for the 
benefit of humankind. Therefore, it is a worthy attempt to work on artificial muscle 
designs to aid them in smart applications. Artificial muscles fabricated from fishing lines 
and sewing threads are cost effective superlative actuators which are operated thermally 
and demonstrated a natural muscle like performance. The fundamental mechanisms of 
these muscle actuators were studied and presented in the research reported to date. The 
thermally operated actuators provide reliable method of operation compared to other 
actuation mechanisms which is comprehensively discussed in the literature review. This 
thesis introduces an approach in combining these artificial muscles in smart textile 
structures as a strategy to integrate into practical applications with human interferences. 
A reasonable characterisation of actuators and textile will permit the accurate modelling 
and performance predictions. Therefore, the thesis was focused on developing a precise 
and uniquely defined techniques which are suitable to characterise individual actuators 
and textiles. A consistent method to monitor temperature using the thermal camera, and 
method to simultaneously scan thermal actuation with temperature of the actuator 
materials and textile was presented in detail. The thesis further summarised and presents 
performance measurement parameters of actuators/textiles to determine the work output.  
A reliable operating technique is an essential parameter for a practical application. Hence, 
it was aimed to investigate different electrothermal heating methods to induce thermal 
actuation. An analysis of different electrical heating methods for even heating of 
vi 
 
individual actuators was conducted to support a steady and a consistent operation. As 
fabricated conductive nonwoven textile was also considered as an option for 
electrothermal heating.  
The thesis documents the effects of different means of heating to the performance 
parameters of the electrically operated actuators. An actuator fabricated with nylon yarn 
coated with conductive silver particles demonstrated an even heating with highest 
gravimetric, volumetric and per length work capacities. This actuator was selected to be 
incorporated into a textile. The effect of fibre arrangement within a material structure for 
force and stroke generation was studied with experimental results. Most importantly, a 
modelling was carried out to develop equations to calculate the force and stroke of 
actuating textiles. A reasonable agreement was found between calculated and measured 
force/stroke curves of both woven and knitted textiles. The woven textile exhibited a force 
enhancement directly proportional to the number of actuators while retaining the same 
strain of the single actuator. Nonetheless, the force and strain of knitted textile were highly 
dependent on the number of wales and courses per unit length. The fabricated knitted 
textile showed a lesser strain than the single actuator with a force amplification. However, 
the performance parameters of as fabricated knitted textiles were higher than the 
fabricated woven textile. This analysis will enable developers to determine the textile 
architectures to suit an application. Then, the possibility of enhancing the performance of 
textile by producing multi-ply yarn actuators was analysed. Multiple yarn actuators with 
nylon 6 monofilament and silver coated nylon yarns have exhibited a decrease in 
force/stroke measurements with increasing number yarns. The fundamental mechanism 
of plied yarn actuation is presented with a theoretical analysis. 
Finally, a heart muscle was fabricated with parallel arranged actuators to use a cardiac 
patch or to power the artificial heart devices. The fabricated heart muscle was 
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characterised, and a biomechanical analysis was presented to compare the robotic heart 
muscle with existing devices and human heart muscle. The modelling technique will 
assist the future design, fabrication, and enhancements of the artificial heart muscle. This 
will benefit many heart patients worldwide as an implant upon further enhancements. The 
thesis concludes with suggestions for future research possibilities. 
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1.1 Introduction 
 
Smart textiles research represents an innovative model for integrating advanced 
engineering materials into textiles which will result in new discoveries. Smart textiles are 
defined as the “textiles that can sense or react to environmental conditions or stimuli, 
from mechanical, thermal, magnetic, chemical, electrical, or other sources in a 
predetermined way” [1-3]. Smart textiles have been used in numerous applications in 
healthcare industry, military, and as wearable electronics [4-7]. Moreover, smart textiles 
can be divided into three categories; passive, active and very smart textiles [1, 8-10]. The 
passive smart textile is the first category of smart textiles that can provide additiona l 
features in a passive mode, irrespective of the change in the environment. Active smart 
textile is the second group that can sense and react to stimuli from the environment. These 
materials may also be used as sensors and actuators [1]. Very smart textiles are the third 
category that consists of a unit for recognizing, reasoning, and actuating. This type of 
textiles sense, react and adapt themselves to environmental conditions or stimuli such as 
space suits and health monitoring systems [11].  
Textiles which can find prospective applications in energy conversion are important to 
smart textiles in many ways. Actuators are considered as a group which can accomplish 
the conversion of energy to mechanical form with the capability of moving or controlling 
a mechanism or a system. Actuators can reversibly contract, expand, or rotate themselves 
due to the presence of an external stimulus such as voltage, current, temperature, pressure, 
and many more. These materials can be divided into four major groups depending on their 
mode of actuation which are electric field, ion based, pneumatic and thermal actuation 
and then further into two major groups on whether volume or order change dominates 
[12]. There are several frontier actuating materials being introduced by researchers such 
as carbon nanotubes, conducting polymers, and shape memory alloys [13-18]. Using 
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actuating materials in smart textiles is an impressive approach as a small change in 
material properties can be converted into significant movements due to the densely 
interconnected structures. 
The research reported to date on actuating textiles has attempted force/strain 
amplifications and to incorporate smart functionalities into fabrics. Some of the polymer 
actuators exhibit properties, such as the long length, high tensile strength, flexibility and 
durability which are essential parameters for textile yarns [17]. In addition, polymer fibres 
have already been used in the textile fabrication process. Therefore, the feasibility of a 
textile structure can be established with polymer fibre actuators. Integration of actuators 
into the textiles was performed in most studies using traditional textile fabrication 
methods such as weaving, knitting and braiding [13, 17, 19]. Materials and fabrication 
processes for an actuating textile should be selected with careful consideration for 
optimum performance. This chapter is focused on critically reviewing and appraising the 
materials and processes required to fabricate a high-performance actuating textile. This 
review further discusses fundamental actuation mechanisms in brief, material fabrication, 
properties and actuating materials already being trialled in textiles. 
 
1.2 Overview of Different Actuation Mechanisms 
 
Actuator designers have introduced criteria to allow the optimal selection of actuators for 
a given application. Power output per mass, per volume and actuator efficiency are the 
three fundamental characterizing properties of actuators [20]. Furthermore, stress, strain, 
strain rate, cycle life and elastic modulus are some of the other general characterist ics 
considered in the evaluation criteria [20, 21]. In addition to the above technical 
parameters, user friendliness, ease of fabrication and maintenance, cost and availabil ity 
of the raw materials are some of the additional requirements to be considered in selecting  
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actuators for an application. It is also necessary to consider the actuation mechanism 
which is as important as the other performance characteristics. Most of the actuators 
which are being reported in the literature actuate with one of four different methods - 
electric field, fluidic, ionic, and thermal. This section will provide an overview of the 
actuation mechanisms, and their characteristics.  
 
1.2.1 Electric Field Actuation 
 
Electric field actuation is a result of electrostatic interactions between electrodes or 
molecular re-organisation within the actuator material structure. These are commonly 
known as electronic artificial muscles and are one type of electroactive polymer (EAP). 
The electric field actuation is present in low modulus polymers such as dielectric 
elastomers (DEAs) and electrostrictive polymers where the electric dipoles are arranged 
by the electric field which result in displacement [22, 23]. DEAs are simple in mechanism, 
construction and able to produce large strains 10% to 100% but can reach up to 380% 
with high electric fields [24, 25]. These actuators can yield stress up to 7.7 MPa and 3.2 
MPa in silicone and acrylic based actuators, respectively [26]. Due to the large strains 
these actuators produce high work per unit volume per cycle with a maximum of 3.4 
MJ/m3 [23].  
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Figure 1-1. Schematic diagram showing dielectric elastomer actuation mechanism with 
two electrodes: When a high electric field is applied to the electrodes the opposite charges 
attract squeezing the polymer into a different geometry causing an actuation of the device 
(adopted from Kornbluh et al [24]) 
 
During the actuation of DEAs, electrostatic attraction between two surfaces of elastomer 
films induces compressive strains as shown in Figure 1-1. Since the elastomer mainta ins 
constant volume contraction in one direction will cause expansion in the other two. Most 
mechanisms use expansion perpendicular to the applied field because it will result in large 
displacements.  
The electrostrictive relaxor ferroelectric polymer actuators have high work density of 1 
MJ/m3 and strains up to 7%- 10%. These actuators generate high stress, around 45 MPa 
and frequency up to 100 Hz [27]. In electrostrictive relaxor ferroelectric actuators, the 
application of an electric field aligns polarized domains within the material. When the 
applied field is removed, the permanent polarization remains. Ferroelectrics are 
characterised by a Curie point, a temperature above which thermal energy disrupts the 
permanent polarization. Field-driven alignment of polar groups produces reversible 
conformational changes that are used for actuation. The application of a field 
perpendicular to the chains leads to a transition between the non-polar and polar forms. 
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The result is a contraction in the direction of polarization and an expansion perpendicular 
to it. 
 
1.2.2 Ion based Actuation 
 
The actuation of these materials is caused by the ion transport within the polymer material 
and exchange of ions between the actuator and an electrolyte solution. In common, the 
ionic EAPs need relatively low voltage for actuation (1-7 V) but the energies associated 
with these actuators are high because of the large amount of charge that need to be 
transferred. 
Ion based actuators are most commonly fabricated with, conducting polymers 
(Conjugated polymers) and ionic polymer-metal composites (IPMC’s) [28]. 
 
Figure 1-2. (a) The actuation of IPMC, (b) the cation migration (adopted from Kim et al 
[28]) 
 
Furthermore, IPMCs contain an ion-exchange polymer film coated with metal electrodes. 
These metal electrodes are composed of platinum or silver nanoparticles. When the 
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voltage is applied between two electrodes, the mobile cations move toward the opposite 
charged electrode as can be seen in Figure 1-2 (b). This action results in swelling near the 
negative electrode, shrinkage near the positive electrode and bending of the actuator as 
can be seen in Figure 1-2 (a). These actuators were reported with maximum actuation 
strains of 3.3% [29, 30], the stress of 30 MPa [25, 31]. These actuators are actuated up to 
a frequency of 100 Hz [29]. The actuation mechanism of conducting polymers will be 
described in more detail in section 1.3.1.1. 
 
1.2.3 Pneumatic Actuation 
 
The pneumatic artificial muscles (PAMs) are operated by air pressure and contract with 
inflation. These actuators consist of a soft membrane covered with a braided or fibrous 
filament structure. As the soft membrane is pressurised the volume is increased while 
expanding in the radial direction and contracting in axial direction. 
The operating mechanism of PAMs can be described in two categories which are, (1) 
under a constant load and with varying pressure, and (2) with a constant gauge pressure 
and a varying load. As can be seen in Figure 1-3 (a) the pressure is increased from P0 to 
P under constant weight of M which results in increasing the volume and decrease in 
length as demonstrated in Figure 1-3 (b). Actuation under the constant pressure is 
presented in Figure 1-3 (c) and (d). In this mode of operation weight is decreased from M 
to M0 under the constant pressure of P, which an actuator exhibits the maximum volume 
with the minimum length. 
The most widely used type of PAMs reported to date are the McKibben muscles [32, 33]. 
These pneumatic actuators have high strength, high power-weight ratio, are economical 
and display high strength. However, the cycle lives of these actuators are limited due to 
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the flexible membrane rupturing with stress. Pneumatic actuators have been reported with 
25-30% actuation stroke and with actuation times of less than one second [34]. 
 
 
Figure 1-3. PAMs operation, (a) under constant weight (M) the pressure is increased to 
P, (b) volume is increased and length is decreased,(C) under constant pressure of P the 
weight is decreased to M0, (d) resulting in maximum volume and minimum length 
(adopted from Kelasidi [35]) 
 
1.2.4 Thermal Actuation 
 
As the name suggests, thermal actuators are operated with the presence of heat. The first 
generation thermally actuated materials are shape memory alloys (SMAs) that 
“remember” their original shape and they returned to the original shape after being 
deformed and exposed to heat. The operating mechanism and fabrication details of SMAs 
are discussed in section 1.3.3. 
Thermally actuated liquid crystal elastomers have the same working principles as of 
SMAs. In brief, phase changing and changing order alignment of liquid crystalline side 
chains generate stresses in the polymer backbone which result in actuation [25]. More 
importantly, liquid crystal elastomers display low stiffness. Therefore, a minor change in 
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the load can cause large displacements. In addition, actuation frequencies and loads on 
liquid crystal elastomers are limited by the tensile strength of these materials. 
The latest generation of thermally driven actuators are fabricated from synthetic polymer 
fibres with many outstanding properties. These actuators exceed natural muscle 
performance in many aspects and are recognised as one of the latest generations of 
artificial muscle actuators [17]. The actuation mechanism, fabrication and properties of 
these actuators are comprehensively described in section 1.3.5. 
 
1.2.5 Other Actuation Mechanisms 
 
In addition to the more common actuator types listed above there are many other actuation 
mechanisms, such as electrochemical [16, 36, 37], electrostatic [38, 39], optical [40], 
magnetic [41], hydraulic [42, 43] and pH actuation [44, 45]. 
 
1.3 Polymer Actuators in Smart Textiles 
 
Some of the actuators described above consist of rigid components, robust operating 
systems and material properties which render them unsuitable for assembling into smart 
textiles. This section therefore will describe actuators with different mechanisms which 
have already been demonstrated in textiles mainly with polymer fibre actuators such as 
conducting polymers [46] and shape memory polymers [47, 48]. 
Helically arranged polymer actuators with amplified actuations have already been 
described in the literature. This encouraged researchers to consider these actuators in 
many further applications. The researchers employed an ancient technology of twisting 
which was able to produce highly twisted or coiled polymer fibres with giant actuations. 
The fibre types that have shown the capability to achieve these high actuation levels 
extended from twisted carbon nanotube (CNT) yarn to inexpensive commercia lly 
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available fishing line and sewing threads [16, 17, 49, 50]. This research was able to 
demonstrate reversible actuation cycles with high work capacity for the actuators. 
Therefore, actuating textile with helically arranged actuators can be further considered as 
an important approach for generating optimal force and strain. Hence, this material review 
is further intended to explore the properties of twisted and helically arranged actuator 
configurations, which has been successful with many materials such as synthetic 
polymers and CNTs that have found potential applications in the area of smart textiles 
[14, 51-54]. 
 
1.3.1 Conducting Polymers Actuators 
 
The conducting polymers (CP) are also known as conjugated polymers due to the altering 
single or double bonds in the polymer backbone. This is a class of electroactive polymers 
which are activated by ion transport [55]. CP actuators are normally actuated chemica lly 
or electrochemically and need electrolyte for their operation. Most of these 
semiconducting materials are doped with ions by chemical or electrochemical method. 
 
1.3.1.1 Actuating Mechanism 
 
The actuation mechanism of CP is very well described in many articles [25, 56]. The CP 
actuators are operated under the mechanism of a dimensional change of the material 
which is caused by addition or removal of charge from the polymer structure. The 
dimensional changes of these materials are achieved through insertion of ions between 
polymers. The ion flux which is introduced by an electrolyte can cause swelling or 
contraction of the material as described below[25].  
There are two major types of CP actuators classified as anionic and cationic driven. The 
CPs are produced by an oxidative polymerisation process. During the chemical reaction, 
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electrons are removed, and the monomers are put together by a chemical reaction to form 
the CP chains. 
 
Figure 1-4. The mechanism of actuation in conducting polymers (adopted by K Kaneto 
[56]) 
 
Ionic cross links are formed with the polymer chains due to insertion of anions (A-) which 
cause the material to be stiff and swollen as shown in Figure 1-4 (a). Crosslinks formed 
by the bonding between anions and polarons (caused by removal of electrons) enhance 
the inter-polymer bonding. The oxidized state of CP is reduced by applying a negative 
voltage either by way of (b) or (d) to the states (c) or (e). When a small anion is used, the 
reduced state is achieved by way of (b) as the anion is ejected causing the polymer to 
shrink as indicated in Figure 1-4 (c). With the oxidation the polymer is swollen from (c) 
to (a) through process as (b). Thus, the mobile ions are anions in this mechanism, the 
actuators are named as “anion driven” actuators. 
The second mechanism takes place with the introduction of large anions during the 
fabrication of CP actuators. The immovable large anions are neutralised by inserting 
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cations via process (d). This causes the polymer to further swell and achieve the status of 
(e). Due to the moving cations in this mechanism, these type of actuators are defined as 
“cation driven” actuators [56].  
 
1.3.2 Fabrication and properties 
 
CP actuators are typically fabricated through chemical or electrochemical polymerisat ion 
of conducting materials. The common materials used for CP actuators are Polypyrrole 
(PPy), Polyaniline (PANi), and Poly (3, 4-ethylenedioxythiophene) (PEDOT)/ poly 
styrene sulfonate (PSS). Due to the aromatic structure of these polymers which are shown 
in Figure 1-5, they are stable compared with other linear conducting polymers.  
 
Figure 1-5. The chemical structure of conjugated CP in undoped from (adopted form 
Foroughi [57]) 
 
The materials that are used to fabricate these actuators have a strong influence over the 
actuator performance. PPy is the most popular material used for conducting polymer 
actuators. Predominantly, PPy is easily electrodeposited and it is feasible to obtain highly 
conductive and tough films which provide high strain, force and long life cycle [14, 56, 
58]. Alternatively, PANi is prepared chemically by oxidative polymerization in bulk and 
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the strain of actuators made from this material is lower when compared to PPy [59-62]. 
PEDOT: PSS is another material that has been used as a conductive coating in fabricating 
CP actuators. The fabrication of PEDOT:PSS actuators has been reported in combinat ion 
with multi wall carbon nanotube, polyurethane/ionic liquid and Polyvinylidene fluoride 
[63-65].  
CP actuators have been shown to exhibit both bending and linear movement. Linear 
actuators are fabricated by lamination of anionic and cationic driven actuators on a 
stretchable film. The fabrication of bi-layer and tri-layer conducting polymer actuators 
have also been reported in the literature [66-70]. 
The solvent and salts used in deposition and the electrolyte employed during actuation 
are the three major factors that play a significant role in determining the properties of 
these actuators. These actuators have high tensile strength which can reach up to 100 MPa 
and with large stress up to 34 MPa [71]. Moreover, CP actuators are also able to withstand 
large stresses up to 34 MPa [72]. The strains of these actuators are typically 2 -7% and 
the improvement for the CP actuators has been demonstrated even to reach up to 20% 
[73]. The strain rates of the CP actuators are low since they are limited by the internal 
resistance of polymers, electrolytes and ionic diffusion rates [25].  
Performance of CP actuators is weakened with the evaporation of the solvent during 
normal operation in air. As a remedy for evaporation, encapsulation methods were 
introduced to enhance the life time of these actuators [66, 74]. Moreover, the actuators 
demonstrated an internal ion conduction between active polymer layers instead of the 
external liquid electrolyte. This research was demonstrated with PEDOT that shows only 
deformation on actuation as can be seen in Figure 1-6 [75]. Consequently, CPs operated 
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without an external electrolyte may increase their potential for incorporation into practical 
applications. 
Nevertheless, most of the linear CP actuators reported to date need encapsulation for an 
electrolyte which is an operational barrier [28]. The efficiency of these actuators is 
described to be low and their operational stability can be affected by the environmenta l 
conditions. 
 
Figure 1-6. Actuator fabricated with PEDOT to provide deformation, (a) before and (b) 
after the application of 2V. The 20 mm length (L) actuator showed 6.5 mm deflection in 
open air (adopted from Farajollahi et al [75] ) 
 
1.3.2.1 Conducting Polymer based Actuating Textiles 
 
The commercial availability of conducting polymer coated yarns makes them a practical 
option for use in actuating textiles [46]. 
A conducting polymer based actuating textile with different textile structures is presented 
in Figure 1-7. In this research a chemically synthesized PEDOT layer was deposited on 
the yarn/fabric as a “seed layer” to form a highly electrically conductive surface, followed 
by the deposition of the actuating PPy layer. This research verified the force amplificat ion 
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of actuators assembled into a woven textile structure and the increased strain by using a 
knitted textile. This research further confirms the mechanical stability of the CP actuators 
in textile structures [46]. 
This further outlines the different possibilities of future improvement to the CP based 
actuating textile with enhanced features such as conductivity and anisotropic movements.  
 
Figure 1-7. Processing and integration of electroactive textiles, (a) Copper 
monofilaments in weave fabric. (b) Example of a custom weave with spacing (marked) 
that enables movements of yarns within the marked area. (c) A bobbin with industria lly 
manufactured PEDOT-coated yarn. (d) A knitwear structure for respiratory monitor ing 
with CP-coated yarns (black yarn) knitted together with normal (white) yarn (adopted 
from Maziz et al [46] ) 
 
1.3.3 Carbon Nanotube Actuators 
 
Research into Carbon Nanotubes (CNTs) over the last two decades has demonstrated that 
CNTs have the capability to act as an actuating material powered electrochemica lly, 
electro thermally, electrostatically and/or optically [16, 76-79]. As the research in this 
area has progressed, the performance of CNT actuators has increased with the 
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improvement in mechanical properties of CNT sheets and yarns. The following sections 
cover highlights in CNT actuator research. 
 
1.3.3.1 Actuating Mechanism 
 
The actuation of CNTs is achieved by mobile ions of a solvent within a polymer. An 
applied electric field leads to swelling or contraction of the CNT when these ions enter or 
leave the regions of the polymer. This is accomplished by dipping CNT in an electrolyte 
and applying a voltage (1-7 V) between the nanotubes. As the CNTs are electronica lly 
conductive, the ions are gathered onto the surfaces of the CNTs, balancing the electronic 
charge as the potential has changed. This results in reformation of the electronic structure 
of the CNT which leads to dimensional changes.  
The electrostatic actuation of CNTs is achieved by introducing an elevated level of charge 
injection. Electrostatic forces are generated due to the interaction between the charges 
introduced into the CNTs instead of two electrodes as for electric field actuation [25]. 
The actuation of electrochemically powered CNT yarn has been demonstrated with the 
presence of electrolyte in several publications [16, 37]. The actuation mechanism of CNT 
actuators was extensively studied and explained in the literature with twisted torsional 
artificial muscles reported by Foroughi et al [16]. Moreover, CNT actuators with large 
torsional actuation at high rotation rate were also demonstrated in this study. The large a 
scale actuation is achieved by applying a voltage between a counter electrode and a 
twisted multi wall carbon nanotube (MWCNT) in an electrolyte. The contraction of the 
reported CNT yarns is due to the overall volume expansion caused by ion insertion. 
Because of the helically twisted CNT structure, the volume expansion results in a 1% 
lengthwise contraction with respect to the initial length.  
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A scanning electron microscopic (SEM) image of the twisted MWCNT symmetrica lly 
twist-spun from a MWCNT forest is shown in Figure 1-8 (a). The actuation mechanism 
in brief can be described as a partial untwist of the yarn during the charge injection which 
is changing the geometrical configuration of the yarn from Figure 1-8 (b1) to (b2). This 
is associated with the yarn volume expansion after the large positive or negative charge 
insertion which results in a lengthwise contraction. This research provides further 
evidence for twist-spun nanotube yarns driven by internal pressure due to ion insertion 
[16]. 
 
Figure 1-8. (a) SEM of twisted CNT yarn, (b) Schematic of the yarn volume expansion 
during the charge injection (adopted from Foroughi et al [16]) 
 
Meanwhile, electrothermally driven CNT actuators have been reported in the literature 
overcoming the necessity for the presence of electrolyte for actuation. The electrothermal 
actuation of CNT was achieved through combining with other guest materials which have 
the ability to thermally expand and contract, such as phase change materials like paraffin 
wax [80] or with CNT network in silicone polymer elastomer [81]. In general, the 
electrothermal actuation mechanism of hybrid yarn is driven by volume expansion of the 
guest polymer materials which are merged with the CNT. Nevertheless, electro thermally 
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driven hybrid CNT actuators need comparatively high applied voltage compared to 
electrochemically driven actuators [78]. 
 
1.3.3.2 Fabrication and Properties 
 
The electrochemical actuation was first demonstrated by Baughman et al for CNT 
sheets[36]. The research was validated with single-walled nanotube (SWNT) sheets 
which generated higher stresses and strain than natural muscles. This opened up possible 
new dimensions in actuator technology.  
Thereafter, CNT actuators with un-oriented CNT sheets were demonstrated by a group of 
researchers. These actuators with low modulus and strength generated around 0.2% stroke 
and stress 100 times more than skeletal muscle. This study further demonstrated 
electrostatically driven actuators with 220% stroke [50].  
The above research demonstrated actuation for CNT sheets. Meanwhile, a process for the 
continuous production of CNT yarn fabrication was introduced. The fabrication of CNT 
yarn evolved by combining the ancient technology of twist insertion during the spinning 
process. As can be seen in Figure 1-9 (a), the CNT yarn is drawn from a vertically aligned 
MWNT forest. Then the CNT yarn is twisted by a spinning machine as presented in Figure 
1-9 (b). The schematic Figure 1-9 (c) shows the magnified view of yarn drawing, twisting, 
and winding during the spinning process. The SEM image in Figure 1-9 (d) shows the 
CNT yarn being drawn and twisted simultaneously during the fabrication process. This 
procedure was able to produce a high strength, multi plied torque stabilized CNT yarn in 
which the strengths are greater than 460 MPa [82]. 
Further, the twisted MWCNT actuators were demonstrated with high torsional actuation 
per muscle length with high rotation rates which provided a breakthrough for any type of 
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helically arranged actuators. The twisted CNT actuator was mainly demonstrated for the 
torsional actuation it provided with a practical application for a prototype mixer [16].  
 
Figure 1-9. a) The CNT drawn from CNT forest, (b) spinning machine, (c) the schematic 
diagram of the CNT spinning (adopted from Foroughi et al [57]), (d) SEM image of CNT 
yarn being drawn and twisted (adopted from Zhang et al [82]) 
 
As mentioned above, the torsional or the tensile actuation of CNTs is achieved as a result 
of a volume change of the yarn. To accommodate the volume changes, an electrolyte or 
a guest material should be introduced into the CNT yarn structure. In contrast, the 
electrolyte used in electrochemically driven actuators adds more volume to the actuator 
system. Therefore, rather than fabricating these actuators using a sole material, 
researchers are much interested in the fabrication of CNT hybrid actuators in solid states. 
As a result, identical anode and cathode yarns were fabricated by permeating the 
electrolyte and electronically insulating the surface of the yarn to prevent any electrical 
shorting. The microscopic images of the CNT solid state actuators are showed in the 
Figure 1-10. As shown in the figure, all solid state actuators were fabricated by plying 
anode and cathode yarns together [78]. 
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Figure 1-10. MWCNT yarn structures, (a) Scanning electron microscopic images of 
single yarn, (b) two-ply yarns, (c) Single coiled yarn and (d) plied coiled yarns (adopted 
from Lee et al [78]) 
 
1.3.3.3 CNT based Actuating Textile 
 
MWCNT yarns largely retain the twist when yarn ends are released compared to 
conventional textile yarns. Studies have found that these yarns can retain their twist up to 
the breaking point [82]. Accordingly, highly twisted yarns were demonstrated for plying 
and knitting as well as for knotting as shown in Figure 1-11 [82]. Moreover, 
electrochemically driven plied actuators were reported by Lee et al [83]. These actuators 
provided a tensile contraction of 11.6% and 5% for parallel and braided muscles 
respectively, which were driven electrochemically without a liquid electrolyte. 
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Figure 1-11. SEM images of (a) single twisted, (b) two-ply, (c) knitted and (d) knotted 
MWNT yarns (adopted from Zhang et al [82])  
 
 
Figure 1-12. Optical microscopic images of parallel arranged actuators (a) before, (b) 
after coating with gel electrolyte to accommodate ion conduction (adopted from Lee et al 
[83]) 
 
This research further progressed to produce an energy conserving actuator with 16.5% 
contraction which is the highest reported to date. These actuators eliminate the electrolyte 
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bath by replacing it with an ionically conducting gel as shown in Figure 1-12 (b). The gel 
insulates the anode and cathode yarns while providing an ionic conduction [76]. Even 
though these studies demonstrated a technical feasibility, the cost of CNT yarns can be 
the major drawback in the production of a CNT based actuating textile. 
 
1.3.4 Shape Memory Alloy (SMA) Actuators 
 
Thermally actuated shape memory alloys (SMAs) are a class of materials that can 
“remember” their original shape. SMA actuators with both linear or rotary motions are 
reported in the literature and have provided a great impact for actuator technology and for 
thermally driven actuators [84].  
 
1.3.4.1 Actuating Mechanism 
 
The operating mechanism of SMA actuators has not been fully verified since direct 
observation of their dynamic behaviour in a wide range of temperatures is difficult. The 
behaviour of SMA occurs due to a change in the atomic structure between two phases: 
the low temperature (martensite) and high temperature (austenite) as shown in Figure 
1-13. The actuating mechanism of SMA is achieved by training the material to remember 
a definite shape at high temperature. Both phases are identical in chemical composition, 
but when the material is deformed at low temperature the residual strain can be recovered 
by heating it to the austenite state. This type of SMAs can only remember the parent high 
temperature phase, and so are referred to as SMAs with one-way shape memory effect. 
The actuators with two way shape memory effect can perform in two stable phases, i.e. 
both in high temperature and low temperature [25].  
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Two way SMAs can provide tensile force much lower than the contraction force and the 
strain exhibited is half of that seen in one way type [85].  
 
Figure 1-13. Grid –like representation of SMA structure (adopted from Konstantinos et 
al [86]) 
 
1.3.4.2 Fabrication and Properties 
 
A limited number of raw materials were used to fabricate SMA actuators in the literature. 
The Nitinol (Ni-Ti) is the most widely used SMA although Copper and iron based SMAs 
are also employed in some applications. The material selections for SMAs is highly 
dependent on their transformation temperature. Relatively, Ni-Ti is expensive and copper 
alloys are less costly but not as widely used due to the lower fatigue tolerance and 
thermomechanical instability [87].  
The attractive properties of SMA actuators, such as low operating voltage, clean, silent 
and having a long actuation cycle life have enabled them to be used in many applications 
[86]. SMAs exhibit a high energy (work) density which is around 1000 kJ/m3. These 
actuators operate at very high strain rates responsive and exhibits large deformations 
(around 5%) [30]. Furthermore, SMAs are very responsive and can deliver large strokes. 
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The operating frequencies of these actuators are dependent upon rate of cooling and 
heating of SMA to promote phase change. 
Conversely, exhibiting energy loss during phase transformation can cause a hysteretic 
behaviour to the SMA including nonlinear actuation, parameter uncertainties and their 
relative costs restrict their use in commercial applications [88]. 
 
1.3.4.3 SMA based Actuating Textiles 
 
A SMA based actuating textile designed for self-recovery effect by weaving and knitting 
textile structures with embedded Ni-Ti wires was introduced by Carosio et al [47]. 
The fabricated woven textile structure was shown to display self-ironing with the 
presence of Ni-Ti wires. The fabric was crushed as can be seen in Figure 1-14 (a) and 
then was able to exhibit a self-shape recovery as can be seen in Figure 1-14 (b). This 
research further highlights the successful combination of Ni-Ti wires in a woven fabric 
structure [47]. 
 
Figure 1-14. The Ni-Ti embedded fabric (a) crushed and (b) self-recovered (adopted from 
Carosio et al [47])  
 
Further, an analytical model using SMA in a garter knit structure was presented by Abel 
et al [48]. A prototype knit textile was fabricated and tested within the range of forces as 
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a characterisation of the textile. The knitted textile fabricated from Flexinol actuators was 
able to achieve larger strains (around 51%) at moderate forces and usable strains (around 
4.1%) at enhanced force of 12 N, compared to the single actuator alone with 4% strain at 
5.8 N [48]. 
 
1.3.5 Twisted and coiled Synthetic Fibre Actuators 
 
Synthetic fibres are designated as “man-made fibres”. These are popular in many practical 
applications due to interesting properties such as high tensile strength, high modulus and 
shear stability [89]. The precursor fibres used to fabricate coiled actuators are readily 
being used in high strength applications such as fishing, apparel and sewing. The high 
degree of polymer alignment of these fibres provides them with a high strength. 
Moreover, forming these fibres in a twisted fashion and arranging the polymer chains 
helically provides for a thermally persuaded length change during untwisting. The 
phenomenon for actuation of these materials will further be described in the section 
below. 
 
1.3.5.1 Actuating Mechanism 
 
Synthetic fibres are produced from a process called “polymerisation” followed by fibre 
drawing. Upon drawing, the crystalline blocks of the polymer become increasingly 
aligned along the draw direction. The drawn polymers will consist of an amorphous 
region, tie molecules and inter crystalline bridges as shown in Figure 1-15. 
The amorphous region contains floating chains and polymer chains which are attached to 
crystalline region at one end and loops which starts and ends at the same crystalline 
region. The tie molecules joining one crystalline block to another block increase with both 
number and steadiness by increasing draw ratio. The crystalline regions of polymer fibres 
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have a small degree of negative thermal expansion. Fibre direction aligned polymer 
chains in non-crystalline regions are less constrained and thus they can cause larger 
reversible contractions when heated. This reversible contraction is amplified by inserting 
twists and coils in the yarns. 
 
Figure 1-15. Schematic diagram showing the structure of a highly oriented semi 
crystalline polymer. (C) crystalline region; (B) bridges; (A) amorphous region; (TM) tie-
molecules (adopted from Choy et al [90]) 
 
The giant actuation of these actuators is achieved through partial untwisting of the twisted 
fibres [17]. The untwisting of twisted fibres provides an expansion in the radial direction 
which leads to a contraction in the fibre axis direction.  
The reasons for the giant thermal actuation of coiled polymer fibres were experimenta lly 
demonstrated and explained using the spring mechanics equation [17, 91]. The thermally 
persuaded fibre untwists (∆T, measured in turns per initial fibre length) generate a 
torsional actuation of twisted fibres and generates a torque for inter coil separation as can 
be seen in Figure 1-16. 
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Figure 1-16. The (a) actuation of coiled polymer fibres after heating, during contraction 
the adjacent coils come in to contact, (b) schematic illustration of the mechanism by 
which torsional fibre actuation drives large stroke tensile actuation  
 
The above phenomena of torsional actuation cause the fibre bias angle to change from αC 
to α'C as described in the spring mechanic equation Eqn. 1-1 [91]. 
∆T= sin�αc' � cos�αc' �
πD ' - sin(αc) cos(αc)πD      Eqn. 1-1 
 
The D and D' are the coil diameters taken through fibre centre line before and after 
heating. Further, for a coil of length LC with N turns made from a precursor fibre length 
of l: sin (αc) = LC / l, cos (αc) = πND / l. These relationships of fibre bias and the 
dimensions of the coiled structure suggested an expression to predict the giant 
contractions or expansions in coiled length (ΔL) with an assumption of negligible change 
in the initial fibre length is expressed in spring mechanics Eqn. 1-2. 
∆T= N∆Ll2       Eqn. 1-2 
Heating of homochiral coiled fibres causes a contraction in coil length due to the 
untwisting torque, but the heterochiral coils expand in length as the untwisting as the 
torque pushes the coils apart. Further, the scalable linear actuation is determined by the 
spring index (C) (the ratio between the coil diameter and twisted fibre diameter) and the 
applied load which allows the separation of coils. The behavior of actuators fabricated 
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with different spring indexes against the stress applied during the actuation is 
demonstrated in Figure 1-17. As can be seen in the figure the increase in nominal stress 
does not increase the linear actuation at the loads above which coils contact. It shows that 
the separation of coil turns is important in linear actuation of coils to allow inter coil space 
for contraction.  
 
 
Figure 1-17. Tensile stroke versus load, as a percent of the loaded muscle length, for a 
127-mmdiameter nylon 6,6 monofilament fibre that was coiled by twist insertion under 
loads of 10, 16, and 35MPa, which resulted in C of 1.7, 1.4, and 1.1, respectively. When 
normalized to the initial unloaded muscle length, indicating that the absolute 
displacement during actuation remains nearly constant at loads above those at which coils 
contact (adopted from Haines et al [17]) 
 
1.3.5.2 Fabrication and Properties 
 
High strength polymer fibres such as nylon, polyester, and polyethylene are anisotropic 
materials and considered as raw materials for these actuators.  
The fabrication procedure of these actuators was fully described in research work by 
Carter S. Haines et al [17]. The precursor fibres (Figure 1-18 (a)) were twisted until they 
get coiled as shown in Figure 1-18 (b) or they can be fabricated by wrapping the twisted 
fibre around a mandrel as in Figure 1-18 (e). The actuator structure was set using an 
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annealing procedure to retain the helical shape. Furthermore, actuators can be tailor made 
to achieve a desired actuation based on fundamental studies.  
 
Figure 1-18. The actuators (a) a non-twisted monofilament, (b) after coiling the 
monofilament, (c) a two–ply muscle formed from the coil, (d) a braid formed from two-
ply muscles, (e) a coil formed by inserting a twist (adopted from Haines et al [17]) 
 
Figure 1-19 shows the bulk-produced coiled actuators manufactured by a continuous 
process where (a1) is a spool of non-conductive actuator and (a2) is a spool of conductive 
actuator. The conductive actuator is fabricated by wrapping with an insulated copper wire 
for electrothermal heating. The continuous production possibility of these actuators will 
further enhance the feasibility of fabricating them into textiles. 
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Figure 1-19. Coiled polymer actuators produced by a continuous process, (a1) spool of 
non-conductive actuator and the optical image of non-conductive actuator is shown in 
(b1), (a2) spool of conductive actuators produced by wrapping with an insulated copper 
wire as shown in optical image (b2) (adopted from Haines et al [19])  
  
The polymer actuators exhibited a 49% maximum lengthwise contraction. Furthermore, 
these actuators were able to lift loads over 100 times heavier than a human muscle of the 
same length and weight. In addition, they can generate 5.3 kW/kg of mechanical work, 
(similar to that produced by a jet engine) with the highest operating frequency of 7.5 Hz 
reported to date. The low cost, less-hysteretic behaviour, ease of handling, high tensile 
strength and other exhibited performance characteristics are some additional favourable 
properties of these actuators [17]. 
Further research of synthetic polymer actuators was published by Haines et al, which 
discussed the practical opportunities and challenges of artificial muscles. This research 
highlights the limiting factors of the tensile actuation and the further improved spiral 
shape actuator which was fabricated with 200% tensile actuation [19]. Thus, the twisted 
actuators have been widely investigated by researchers for textile fabrication. 
The actuation strain of the several types of synthetic polymers are shown in below Figure 
1-20. The thermally induced actuation is increased with the increase of the temperature 
of actuators. 
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The actuation of these single piece actuators are depending on the material of fabrication, 
directon of the twist with respect to the twist in the precursor fibres, the stress applied to 
the fibre during fabrication and actuation. 
 
Figure 1-20. Comparison of the negative thermal expansion of braided polyethylene, 
nylon 6 monofilament, nylon 6, 6monofilament, and silver-coated nylon 6, 
6multifilament fibres before twisting (inset) and after coiling 
 
1.3.5.3 Twisted Polymer based Actuating Textiles 
 
Twisting and coil formation of polymers offer high-performance actuators which 
provides promising materials in designing a high-performance actuating textile. A model 
textile has been demonstrated for the first time in the literature from the twisted actuators 
with nylon fishing line as shown in Figure 1-21 [17]. The textile was woven from 
polyester, cotton, and silver-plated nylon for electrothermal heating in weft direction and 
nylon coiled actuators were used as the warp yarn.  
The textile actuation was achieved via heating the textile electrically which provides a 
gateway for fabricating novel actuating textiles. Thereafter, actuating textiles were 
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formed using traditional textile fabrication methods with the recent research of Haines et 
al as shown in Figure 1-22 [19]. 
 
Figure 1-21. An actuating textile woven from conventional polyester, cotton, and silver-
plated nylon yarn (to drive electrothermal actuation) in the weft direction (adopted from 
Haines et al [17]) 
 
This research successfully combined the actuators in woven, stitched, and knitted textile 
structures. These textiles were fabricated with non-electrically conductive actuators. The 
researchers have recommended these textiles in applications such as porosity changing 
textiles and breathable curtains. 
 
Figure 1-22. (a) Woven fabric made from coiled, 225-μm-diameter nylon sewing thread 
coils, (b) stitches made by sewing the coiled fibre in into a polymer sheet using a 
conventional sewing machine, (c) machine-knitted textile made from a coiled 225-μm-
diameter nylon sewing thread actuator (adopted from Haines et al [19]) 
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Nylon actuators were recently demonstrated in a bionic bra developed to minimize breast 
discomfort during exercise [92]. The woven actuators were used as active materials to 
control the breast movement as shown in Figure 1-23. The actuators were heated by 
weaving them with a conductive yarn as shown in Figure 1-23 (b). A single actuating 
fibre was able to generate around 0.6 N force following heating to 75°C and a woven 
textile actuator with the nine parallel actuating fibres was able to generate around 3 N 
force heating to the same temperature. 
 
Figure 1-23. The bionic bra fabricated with woven actuators (a) the actuator placement 
in the bra (a1) 3D printed actuator connector, (a2) actuating textile, (b) magnified view 
of actuating textile (b1) cotton yarn, (b2) conductive yarn for electrical heating, woven 
perpendicular to the actuators (adopted by Steele et al [92]) 
 
1.3.6 CNT /Spandex Yarn in Knitted Thermally Actuated Textile  
 
Recently, an electrothermally activated “clever yarn” was invented by overcoming the 
technical obstacles by Foroughi et al as shown in Figure 1-24 [13]. A highly stretchable, 
actuating textile was produced by wrapping spandex filaments (SPX) with CNT yarns to 
give the actuating performance and conductivity, respectively. This knitted textile 
structure exhibits 33% contraction and mechanical work output of 1.28 kW/kg which 
exceeds that of skeletal muscle. This research presents adjusted electrical conductivit ies 
by changing the SPX/CNT ratio and hysteresis free resistance was obtained by changing 
the tensile strain. A hybrid SPX/CNT based actuating textile opened a new dimension 
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into manufacturing actuating textiles using an existing textile fabrication method. Further, 
this was recommended for applications where it was required to apply force or pressure 
to the wearer [13]. 
 
Figure 1-24. (a) Schematic of the process for producing a knitted CNT/SPX textile. The 
illustrated items are (1) a spool of SPX fibres, (2) an n-fibre SPX yarn, (3) a CNT forest, 
(4) a circular knitting machine, and (5) a knitted CNT/SPX textile. A CNT ribbon drawn 
from a CNT forest was wrapped around SPX fibres and knitted in the knitting machine to 
produce the circular knitted textile shown in (b) and (c). (adopted from Foroughi et al 
[13]) 
 
1.4 Overview in different actuation mechanism for smart textiles 
 
The actuating mechanism should be selected with the major emphasis on end user 
requirement. This section discusses the suitability of different actuation mechanisms for 
an actuating textile for high tech applications including biomedical, soft robotics and 
apparel. Herein, above described popular actuation mechanisms; electric field, ion based, 
pneumatic and thermal means for a workable textile fabrication are appraised. 
Electric field actuation is caused by electrostatic attraction. Therefore, it requires two 
surfaces or alignment of polarized domains which need voltages as high as 1 kV. 
Generally, there is a need of an amplifier to convert line or battery voltages up to kV 
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potentials, which adds cost and consumes volume. Thus, the cost, size and safety 
measures may prohibit electric field actuators for applications in small portable (e.g., 
handheld) devices. All these limitations can be a concern in smart textiles, as well as in 
bio medical and toy applications [25, 30].  
Ion based actuation requires electrolyte to be presented in polymer structure. Therefore, 
assembling them in a smart textile would need a configuration to retain the electrolyte 
medium or to use solid electrolytes. Actuator arrangements described in the literature 
without the liquid electrolyte need sophisticated manufacturing procedures and actuation 
mechanisms which add more cost and operating barriers to the system. Moreover, low 
efficiencies are one of the key disadvantages of these actuator types.  
The main disadvantage of pneumatic actuators such as McKibben, is that it needs a 
compressor and pump. Consequently, they are difficult to make in to a textile and a robust 
control mechanism is needed to achieve the desired motion [93, 94]. Therefore, the 
feasibility of incorporating actuators with these major actuating mechanisms into smart 
textile will present many challenges.  
In contrast, most of the research has focused on the use of thermally driven actuators in 
smart textiles [13, 17, 19, 47, 48, 92]. This may be mainly due to the utilisation of 
electrothermal heating as a reliable and clean source of energy. Many studies have been 
reported for textiles combined with different types of electrical conductors for smart 
textiles and electrothermal heating applications [95-100]. Furthermore, the outstanding 
properties of thermally driven actuators makes them an attractive prospect in high end 
future applications. Thermally driven synthetic coiled actuators show 49% contraction 
which will enable them to be used in a highly contractible actuating textile. This high 
contractibility is able to generate a high pressure which makes it an attractive proposition 
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in many applications. Since, it will produce a textile structure which is generating high 
work output per unit area. The cost of raw materials and cost of processing set the final 
price limit for the textile. The use of inexpensive synthetic polymers will be advantageous 
for producing an actuating textile at low cost which will increase affordability and market 
demand. Moreover, the durability and demonstrated operating consistency will increase 
the feasibility for their use in applications such as bio- medical where reliability is 
paramount. The high tensile strength and the reversible actuation over one million cycles 
enables the production of a durable textile with less damage to the actuator system during 
operation. Additionally, the low hysteresis behaviour of synthetic polymer coils increases 
the possibility of producing an easily controllable textile which will exhibit a consistent 
actuation in heating and cooling cycles. These outstanding properties point to exciting 
prospects for the use of coiled synthetic actuators in future high-performance actuating 
textiles. Table 1-1 provides a summary of the properties of different actuating 
mechanisms, actuators, their advantages, and drawbacks. 
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Table 1-1. The summary of different actuators with their actuating mechanisms, 
actuator properties, advantages, and disadvantages 
 
Actuating 
Mechanism 
Actuator 
Type 
Strain Stress 
(MPa) 
Work 
capacity 
Advantages Disadvantages Referen
ces 
Electric Field 
Actuation 
Dielectric 
elastomeric 
actuators 
10 - 
380% 
7.7 150 
kJ/m3 
- Simple in 
mechanism and 
construction 
- Large strains 
- High 
efficiencies 
(30%) 
- High 
bandwidths 
- Low current  
- Low cost 
- High voltages 
- Cost and 
consumes 
volume  
[23, 24] 
Electro 
strictive 
polymers 
7% 45 320 
kJ/m3 
- High work 
density 
- High Stress 
- High voltages 
cycle life is 
unclear 
[28, 31] 
Ion based 
Actuation 
Conducting 
polymer 
12% 34 100 
kJ/m3 
- Low Voltage 
- High Stress 
- High work 
density 
- Need 
encapsulation 
- Low 
Efficiencies 
[26, 72, 
74] 
Ionic 
Polymer 
Metal 
Composites 
3.30% 30 5.5 
kJ/m3 
- Low Voltage - Need 
encapsulation 
[26, 30-
32] 
Pneumatic 
Actuation 
McKibben 25 - 30%   - Fast 
High strain 
- Difficulty to 
control   
- Bulky 
operating 
method  
[35] 
Thermal 
Actuation 
Shape 
Memory 
Alloys 
8% 200 1000 
kJ/m3 
- High stress 
- Low Voltage 
- High work 
density 
- Difficult to 
control 
- Large 
currents 
- Low 
efficiencies 
[31, 89] 
Twisted 
Synthetic 
Fibres 
49%  2.48 
kJ/kg 
- High Strain 
- High work 
output per kg 
- Inexpensive 
- Light weight 
- Flexible 
- Limited 
Operating 
temperatures 
(250 ˚C) 
[19] 
Electrochemic
al 
Carbon 
Nanotubes 
Yarns 
16% 2 2 kJ/m3 - High Stress 
- Low Voltage 
- High 
temperature 
range 
- Expensive [31, 77] 
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1.5 Heating of Thermally Operated Actuating Textiles 
 
Electrically conductive textiles have been using in wearable electronics. Numerous 
studies have been reported for textiles combined with different types of electrical 
conductors for smart textiles and heat generation applications [95-100]. By considering 
the different means of heating the electrical power can be suggested as an easy, popular, 
safe, and clean source of energy to be used in a wearable application. The electrical Joule 
heating method for textile can be achieved through incorporating conductive materials to 
the textile structure to incorporate electrical conductivity.  
The material research to combining textiles with conductive materials were more focused 
on but was not limited to integrate inherently conducting polymers, CNTs, and other 
materials as nano-particles or fibres which enable the properties of the textile to be 
retained [101]. Two main approaches can be identified in the literature for conductive 
textile fabrication. The first approach incorporate conductivity to individual fibres or 
yarns and then fabricated in to a textile [102-112] and the second approach is to 
incorporate conductive materials directly to the textile which some research were reported 
for electrothermal heating [95] [97, 98] [113, 114]. 
 
1.5.1 Conductive Yarn Fabrication 
 
The conductive yarn fabrication involved with different processes. The method of 
blending conductive materials was mostly practising in the literature through melt 
spinning by blending conductive nano particles to combine conductivity with polymers 
[115-117]. Generally, to obtain higher conductivities, higher concentrations of nano 
particles are needed which reduces the mechanical properties and spinnability [102, 118].  
In contrast, coating method and deposition of nano particles on the surface of the fibres 
are identified as more popular methods than spinning due to less cost and ease in operation 
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[102, 119]. There are some attempts reported in the letrature for yarn coating with 
different conductive materials. As an easy process, dip coating was experimented by 
researchers with PEDOT:PSS solution. The minimum resistance was reported by this 
method was 77 Ω cm-1 with optimised condition. This method permit conductivity 
through the filling of space within the yarn structure [120].  
However, the deposition of conductive materials on the surface of the yarns through dip 
coating, oxidative chemical vapor deposition, polymerisation achieve higher 
conductivities than spinnig methods with retained mechanical properties [102, 121, 122]. 
In contrast, the conductive yarns produce with surface coating methods have less 
durability as it lacks the cohesion between the yarn and the conductive materials. 
Connecting nonconductive yarns with conductive yarns is another method reported in the 
literture to fabricate hybrid conductive threads. One of the processes of producing hybrid 
conductive yarns used carbon and stainless steel as the core of the structure which was 
wrapped by fine PPy filaments to produced conductive yarn, which were then woven in 
to conductive grid fabrics[112]. Besides, wrapping the conductive element around the 
nonconductive core is also being patented by a researcher [123]. In addition, twisting of 
continous filaments yarns together to enforce conductivity was reported as another 
possible methods to fabricate nonconductive individual yarns [124]. 
 
1.5.2 Conductive Textile Fabrication  
 
Polymerisation, deposition of conductive materials or metals and coating are the main 
processes used in conductive textile fabrication. Conductive textiles were described in the 
literature for various purposes including electrothermal energy harvesting [98, 100, 125]. 
As an example, polyester needle punched nonwoven fabric was produced by researchers 
with chemical polymerization of polypyrene (PPy) with p-toluene sulfonic acid dopant 
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with minimum surface resistivity of 1013.08 Ω/□. This research work detailed the 
preparation and characterization of electrically conductive textiles for heat generation 
which the textile was able to achieve maximum temperature of 110°C with presence of 
30 V [97]. 
In addition, the oxidative in situ deposition of PEDOT and p-toluenesulfonic acid (PTSA) 
on polyester fleece for heating element was reported by another group of researchers 
[113]. The optimized condition with add-on of 44.3 wt. % of the PEDOT: PTSA yields a 
very low surface resistance of 11.6 Ω/□. The research concluded with a confirmation of 
using this material for heating carpets, electric blankets and automotive seat heaters [113].  
The conductivity can also be incorporated to textiles via printing or coating techniques. 
The printing and coating processes have similar approaches in the industry and can be 
identified as easy fabrication method due to the reliability and efficiency of the 
operations. Moreover, it has been mentioned in the literature that printing or coating 
technique can avoid high temperature gradients in heating elements as the temperature 
generated is scattered over the surface of the fibre composites [100, 126].  
 
1.5.3  Insulation coating for Conductive yarns 
 
The processes of weaving or knitting electrically conductive actuators for electrothermal 
heating are normally associated with several challenges. These factors are associated with 
the increase of electrical resistance with tensile strain and changes in the conductive 
pathways of textile yarns or fabrics. In woven fabric structures the weaving of conductive 
yarns/wires involves high strains which may affect to the long-term stability of 
intersection points. Electrical shorting between two yarns at their mechanical intersection 
is another key limitation in establishing electrical links [127]. Damaging of electrical 
connections during washing, and other activities performed by the user are some other 
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challenges in smart textile applications. As a precaution, some researchers have 
investigated the use of surface modified conductive textile yarns for their hydrophobic ity 
and electrical encapsulation. As examples, the textile cables can be coated with silicone 
substrates with improved mechanical properties which will minimize the electrical 
shorting limitations described above [128]. Further, a method of encapsulation for 
washable, reliable and wearable electronics was demonstrated by Tao et al which was 
focused on two types of silicone where the devices were able to perform after washing 
[129]. 
 
1.6 Thesis Aim 
 
The main aim of the thesis is to develop an electrothermally driven actuating textile and 
investigate application possibilities. The thesis has five interconnected objectives that 
support the main aim.  
The first objective of this thesis was to develop consistent and reasonable methods of 
performance characterisation of actuators and textile which direct for an accurate 
modelling. 
The second objective was to investigate different methods of electrothermal heating to 
determine a suitable method to operate the next generation of high-performance actuating 
textile. A thorough study of electrothermal heating of actuating textile including use of a 
fabricated conductive non-woven will provide a comprehensive analysis to examine the 
effect of heating techniques to the performance of actuators.  
The third objective was to incorporate conductive actuators into textiles and to analyse 
how the performance of the textile structure is determined by the fibre architecture and 
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the type of material. To bring the actuating textile closer towards to the applications, it 
was focused to develop a model to predict the performance parameters. 
The fourth objective of the research is to see the possibilities of enhancing the 
performance of textiles by improving the performance of actuators and study the 
fundamental aspects of different actuator configurations. In particular, the effect of 
forming twisted and coiled actuators by using multiple ply strands has been investigated. 
The fifth and final objective of the project is focused on refining and integrate a suitable 
actuator structure in a practical application. To accomplish this objective, a 
comprehensive assessment was presented to use artificial muscle actuators in a prototype 
artificial heart. The operational strategies to achieve required operating parameters, 
performance enhancements and modelling techniques for future designs will be discussed 
in detail. 
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Chapter 2  
Fabricating Conductive Textile for Actuator Heating 
 
 
 
 
 
 
 
 
 
 
 
 
The publication “Kongahage, D., Foroughi, J., Gambhir, S., Spinks, G.M. and Wallace, 
G.G., 2016. Correction: Fabrication of a graphene coated nonwoven textile for industr ia l 
applications. RSC Advances, 6(86), pp.82685-82685” is based on this chapter. 
 
  
44 
 
2.1  Introduction 
 
Electrically conductive textiles have been used in numerous applications includ ing 
healthcare, military, and for wearable electronics. They have also been used as heating 
elements in smart textile applications. Numerous studies have been reported for textiles 
modified with different types of conductive materials for smart textiles and heat 
generation applications. Most research has focused on either coating or blending of 
polyester fibres or yarns with conductive materials [102-109, 130]. The methods used to 
incorporate conductive materials with the fibres, or yarns needs sophisticated processes 
and/or equipment which compromises large scale production. In contrast, process 
complications can be reduced considerably by incorporating conductive materials directly 
onto preformed fabrics using polymerisation, deposition of metals, weaving or integrat ion 
of metal fibres or wires [95-100, 113, 130, 131]. 
As highlighted in Chapter 1, section 1.5.2, the electrothermal heating with a conductive 
textile is an easier fabrication method compared to individual yarn heating described in 
1.5.1. Moreover, the electrical conductors have been incorporated to textiles via printing 
or coating to produce lightweight conducting materials which can exhibit an even 
temperature distribution over the surface of the fibre composites [100, 126]. Therefore, 
instead of heating the thermally driven actuators individually by connecting with 
conductive elements, heating actuators connecting with a conductive textile is preferred 
due to easy manufacturing, and scalable process. This project was conducted with the aim 
of investigating a reliable and easy method for electrothermal heating of actuators. 
The physical properties, commercial availability and easy process-ability are the major 
factors to be deliberated in applications. Polyester is named to be one of the “greatest” 
man-made fibres and widely used in many hybrid composite applications due to its 
outstanding physical properties [132-134]. The mechanical properties, durability, 
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abrasion resistance are major characteristics of polyester fibres. Polyester fibres are 
readily converted to nonwoven textiles [135, 136]. This involves wet-laid [137] and melt-
blown [138] web forming processes bonded with mechanical methods as needle 
punching, chemical or thermal bonding [139-142]. Nonwoven polyester textiles are 
strong, permeable, resistant to stretching, heating, shrinking, abrasion, mildew and most 
chemicals, which enabled them to be used in applications such as filtering, geotextiles, 
thermal insulation, disposable hygiene products as surgical gowns, diapers and in many 
other areas [143-148].  
When considering an electrically conductive material, the thermal, mechanical and 
electrical properties made graphene a choice of material to be used for wide variety of 
applications [149-153]. Graphene is a two-dimensional layer of carbon atoms that forms 
hexagonal lattice structure [154]. Graphene is a semi conducting material with excellent 
electron mobility at room temperature. Electrical properties of graphene have been 
extensively studied and the electrical resistivity of graphene films was reported as 10-6 
Ω.cm that is lower than silver nano grids [155]. In contrast integration of graphene into 
electronics is challenging with scalability and controllability [156, 157]. Many research 
have reported to date in producing graphene oxide (GO) films by chemical methods [158]. 
As the research progressed, approaches to manufacture GO in large scale were introduced 
confirming the future potential of integrating graphene into electronic applications 
including smart textiles [159-161].  
The feasibility of using the fabricated nonwoven conductive textile for heating will be 
assessed in with other methods of Joule heating. 
 
2.2  Experimental Methods 
 
2.2.1 Preparation of Liquid Crystalline Graphene Oxide 
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GO is prepared from the intercalated graphite flakes (3772, Asbury Graphite Mills USA). 
Typically, the intercalated graphite flakes were first thermally expanded at 700°C under 
the nitrogen atmosphere for less than ≤ 5 sec. The resultant expanded graphite (270-300 
times volume expansion) was used as the precursor for GO synthesis. Typically, 10 g 
expanded graphite and 1 L of sulphuric acid were mixed and stirred in a flask using a 
mechanical stirrer and the temperature was reduced using an ice-salt bath. After 15 mins 
of stirring, 45 g of KMnO4 was slowly added over a ½ hr period. The slow stirring was 
continued for 3 hrs. The temperature was raised to 55°C and maintained for 3 hrs. The 
reaction mixture became more viscous and the colour changed from green to grey. The 
contents were cooled with an ice bath for 30 minutes, and then 1 L Milli-Q water was 
added dropwise with continued ice-bath cooling. The addition of the initial 500 ml of 
Milli-Q water took approximately 90 minutes followed by the remained 500 ml which 
was added over 30 minutes. This procedure can be followed overnight depending on the 
requirement to keep the temperature low. The dropwise addition of 100 ml of 40% 
hydrogen peroxide (H2O2) solution changed the colour to bright yellow. The contents 
were further diluted by 10 L of Milli-Q water and allowed to settle overnight. The clear 
supernatant acid was decanted and 500 ml of diluted hydrogen chloride (~ 10%) was 
added to the reaction mixture for removal of manganese salts. The contents were stirred 
for 30 minutes and left to settle. The washing process was repeated for 2-3 times until the 
pH of the supernatant is ~2. The contents were finally dialysed until the pH of washing 
water was ~ 3.4. The GO as a viscous dispersion was obtained in 130-145% increase in 
weight based on graphite [159, 160, 162]. The two different concentration dispersions 
with Liquid Crystalline Graphene Oxide (LCGO) content 0.25% wt. and 0.6% wt. were 
prepared. 
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2.2.2 Preparation of conductive nonwoven 
 
The polyester nonwoven textile with areal density of 180 g/m2 supplied by Bidim 
Nonwoven Geotextile-Australia, was cleaned in purified water via ultra-sonication. For 
the first coating cycle, the pre-treated nonwoven material was dipped in to the LCGO 
solution for 2 minutes and then removed. Then the LCGO dip coated textile was dried in 
the air at room temperature for 24 hrs. Subsequent coatings were applied using the same 
procedure up to 6th coating cycle. Figure 2-1 outlines the preparation method used. The 
amount of GO coated on to the nonwoven was controlled by changing the number of 
coating steps and by using different LCGO concentrations. Nonwoven with different 
number of coatings was prepared by dipping in to LCGO-0.25% wt. and LCGO-0.6% wt. 
 
 
Figure 2-1. Representation of the fabrication of the rGOsamples.(a) Cleaning in 
purifiedwater,(b) dippingthe nonwoventextilein LCGOsolution,(c) drying in air, (d) 
chemical reduction, (e) washing and drying to remove excess GO. The number of coating 
cycles can be increased by repeating processes “b” and “c” 
 
2.2.3 Reduction of GO 
 
The chemical reduction has been carried out to convert GO to reduced graphene oxide. 
The obtained LCGO coated nonwoven samples were chemically reduced after drying 
overnight by using 5 g of sodium dithionite and sodium bisulfite mixed in 4:1 ratio and 
dissolved in 900 ml of water. The reduction process was carried out at 95°C for 1 hr. Next 
reduced graphene oxide (rGO) coated nonwoven specimens were washed in Milli-Q 
water to remove any remaining salts. The rGO samples were designated as per Table 2.1. 
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2.2.4 X-ray Photoelectron Spectroscopy 
 
The X-ray Photoelectron Spectroscopy (XPS) has been carried out to evaluate the 
graphene coating and chemical reduction. XPS is a spectroscopic surface sensitive 
technique that measures the composition of a material at the part per thousand ranges. 
The material is irradiated with an X-ray beam while simultaneously measuring the 
number of electrons that escape and their kinetic energy. XPS was conducted using a 
SPECS PHOIBOS 100 analyser installed in a high-vacuum chamber with the base 
pressure below 10–8 mbar, X-ray excitation was provided by Al Ka radiation with photon 
energy hν = 1486.6 eV at the high voltage of 12 kV and power of 120 W. The XPS binding 
energy spectra were recorded at the pass energy of 20 eV in the fixed analyser 
transmission mode. Analysis of the XPS data was carried out using the commercia l 
CasaXPS2.3.15 software package. The LCGO coated nonwoven material after 3rd coating 
(G3) and rGO samples (R1, R2, R3) were analysed for elemental compositions. 
 
2.2.5 Electrical Properties 
 
The effect of mechanical bending on the electrical resistance of rGO coated specimens 
was investigated with samples of 20 mm x 20 mm as shown in Figure 2-2. The electrical 
resistivity was characterised during and after bending. The deformation was carried out 
on a Shimadzu EZ mechanical tester with deformation rate of 20 mm/min and stroke of 
Table 2-1. Preparation of LCGO coated nonwoven samples 
LCGO (%) in 
coating solution 
Number of coating 
cycles 
Designation of rGO 
samples 
0.25 X=1,2,3,4,5,6 R'X 
0.6 X=1,2,3,4,5,6 RX 
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9 mm for fifty tensile bending and release cycles. In each cycle, the sample started in a 
bent condition and was then partially straightened by pulling the fabric ends apart. The 
cycle was completed by returning to the starting point. The multimeter was connected to 
the specimens during the deformation test to continuously monitor the electrical 
resistance. 
 
Figure 2-2. A photographic image of rGO sample connected with insulated electrical 
wires for characterisation of electrical properties during bending 
 
The surface resistivity of the samples was determined from Eqn. 2-1. 
σs= R*WL      Eqn. 2-1 
Where resistance R is measured using multimeter, σs is the surface resistivity, W is the 
width and L is the length of rGO samples which is shown in Figure 2-2. 
 
2.2.6 Thermal Behaviour 
 
The thermal characteristic of as prepared R3 sample was evaluated by an infrared camera. 
The sample (200 mm × 200 mm) was mounted to a frame with nonconductive strings. 
Then the two insulated wires were attached to R3 using copper tapes, which were 
connected to a power source via alligator clips. The R3 sample was heated by applying a 
voltage of 32.5 V (DC). The thermographic camera was used for infrared video capturing 
with the arrangement shown in Figure 2-3. 
50 
 
 
Figure 2-3. (a) As-Prepared graphene coated textile sample (R3), (b) apparatus 
arrangement including b1 - infrared camera, b2 - power source, b3 - screen and b4 - rGO 
sample, (c) heating of rGO nonwoven (R3) prepared using 3 coating cycles of 0.6wt% of 
LCGO 
 
2.2.7 Abrasion Wear Resistance 
 
The abrasion resistance was conducted on a 90 mm diameter circular sample of R3 as can 
be seen in Figure 2.4 (a). The sample was connected with two electrical connections a, a1 
and b, b1for electrical resistance measurements as illustrated in the figure. As presented 
in Figure 2-4 (b), sample was uniformly placed under a one kilogram as an abrading load 
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(b4) and the rotary stage (b2) containing the sample and was rotated at 100 rpm for 1 hr. 
The sample was abraded against high-density polyethylene (HDPE) sheet (supplied by 
Bidim nonwoven geotextile-Australia) attached to the bottom of the load. The electrical 
resistance was measured after every 1 hr using a multimeter (b1) and the resistance change 
was measured.  
 
 
Figure 2-4. (a) As prepared sample (R3) for the abrasion resistance test, (b) the apparatus 
arrangement b1 - the multimeter, b2 - the rotating stage contain the sample, b3 - holder, 
b4 - one-kilogram abrading load 
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2.3  Results and Discussion 
 
2.3.1 Graphene Oxide Coating 
 
The percentage weight increment of the samples is illustrated in Figure 2-5 for successive 
coating cycles. As can be seen in the graph the coating mass increases approximate ly 
linearly with the number of coating cycles. The amount of GO adsorbed onto the surface 
of the fabric increased when a more concentrated LCGO solution was used. The GO 
adsorption to the fibre surface is influenced by the concentration of LCGO, fibre surface 
tension and the surface area of the fibres. The chemical interaction between the nonwoven 
and GO is a result of van der Waals forces, hydrogen bonding between the atoms of the 
ester groups of polyester fibres and the anionic functionalities of LCGO [163]. 
 
 
Figure 2-5. GO deposition onto nonwoven as a function of coating cycle for two different 
coating solutions having the indicated concentration of LCGO 
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2.3.2 X-ray Photoelectron Spectroscopy Analysis 
 
The elemental analysis was carried out for nonwoven samples to investigate the nature of 
the coating and chemical reduction processes. The chemical process was used to reduce 
the oxygen containing groups, in order to convert GO into rGO. The rGO is a chemica lly 
improved version of graphene with a conjugated structure that modify the thermal and 
electrical properties. As can be seen in Table 2-2, the percentage of carbon increases with 
the number of coating cycles. This further confirms the GO mass increment with 
successive coating cycles. In addition, the percentage of oxygen decreased approximate ly 
by 17% for the highest conductive sample (R3) which was obtained after the chemical 
reduction of G3, due to the removal of oxygen containing groups. 
 
2.3.3 Morphological Observations 
 
The surface morphologies of as-received nonwoven fabric, GO coated and rGO samples 
are shown in Figure 2-6 (a-c), respectively. As can be seen in Figure 2-6 (a), fibres are 
randomly distributed within the nonwoven material. The absorbed LCGO is encapsulated 
in inter fibre porous areas, around the individual fibres as presented in Figure 2-6 (b) and 
(c). Polyester fibres are inherently hydrophobic, due to the lack of polarity groups. The 
hydrophobic property of the polyester fibre counters the entry of water molecules into the 
interior of fibres. Therefore, it can be assumed that the amount of LCGO absorbed into 
the fibre interior is minimal. As can be clearly seen in Figure 2-6 (d), GO is deposited in-
 Table 2-2. XPS data for as prepared graphene coated nonwoven 
 Mass of elements (%) 
  Carbon(C) Oxygen(O) 
1st coating reduced (R1) 77.22 22.78 
2nd coating reduced (R2) 81.75 18.75 
3rd coating reduced (R3) 83.56 16.44 
3rd coating non-reduced (G3)  66.87 33.13 
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between interstices of fibres. Figure 2-6 (e) is presenting the rGO layers in the fibre 
composite. The dimensions of the interstices, the number of interstices per unit mass of 
the nonwoven, regional variations in fibre packing density will influence the GO absorbed 
to the nonwoven composite. The low magnification photographic view of as-prepared 
conducting nonwoven clearly shows the uniformly coated fabric structure (Figure 2-6 (f)). 
 
 
Figure 2-6. SEM images of (a) raw nonwoven (b) LCGO coated nonwoven (c) rGO 
sample (d) rGO in to interstices of fibres (e) rGO layers (f) photograph of as-prepared 
conducting graphene nonwoven 
) 
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Figure 2-7. Optical microscope images of as prepared samples; (a) raw nonwoven, (b) 
rGO sample after 1st, (c) 2nd, (d) 3rd (e) 6th coating cycles and (f) higher magnification 
 
The optical microscope images of raw nonwoven and rGO samples after 1st, 2nd, 3rd and 
6th coating cycles are presented in Figure 2-7 (a-f). As can be seen in optical images 
after the 3rd coating cycle most of the interstices in nonwoven are covered by the GO. 
Therefore, it can be mentioned that more GO layers are deposited in surface of textile 
forming thicker GO layers after 3rd coating cycle which has less interaction with fibres 
in nonwoven as shown in Figure 2-7 (e). 
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2.3.4 Electrical Properties 
 
The surface resistivity of the samples was calculated to analyse the relationship of the 
electrical resistivity to the number of coating cycles. The surface resistivity of rGO 
samples and the percentage weight of GO added to the nonwoven are presented in Figure 
2.8 (a) as a function of coating cycles. It was found that the lowest surface resistivity 
which is 330 Ω/□ was reported after the 3rd coating cycle in LCGO 0.6% wt. The rGO 
categories exhibited the enhanced electrical conductivity values with the increment of GO 
add-on up to the 3rd coating cycle and from the 4th coating cycle samples exhibited a 
nonlinear behavior in surface resistance with increasing amount of GO added to the 
fabric. The possible major factor of high resistivity after the first coating cycle even with 
the higher concentration of LCGO is the disconnections within the fibre matrix which 
reduced the conductive pathways. The increasing number of dip coating cycles after the 
3rd coating and subsequent reduction under the identical conditions were not evolving any 
further improvement in surface resistance. As a result of more GO deposition on the 
surface of the nonwoven fabric caused less interaction of LCGO with polyester fibres. 
During the reduction process the less stable rGO layers tended to delaminate from the 
sample. In such cases, a smaller amount of reduced GO remained in the nonwoven textile. 
Further, the thick rGO layers with less bonding to the fibres have a high chance of 
separating from the sample. Therefore, more GO added to the nonwoven textile did not 
contribute to a decrease in the electrical resistivity due to the instability of the rGO layers 
within the fibre matrix. The value of maximum conductivity reported in this study is 150 
fold enhancement of the surface conductivity of the rGO deposited polyester nonwoven 
reported in the literature[125]. 
. 
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Figure 2-8. (a) Surface resistivity and % add-on of GO as a function of coating Cycles of 
LCGO (0.6% wt.), (b) the average normalised resistance changes of rGO-0.6wt% 
specimens during fifty bending cycles. Resistivity values R1, R2, and R3 are for rGO 
nonwovens with 1st, 2nd and 3rd coating respectively 
 
The optimum condition for as prepared nonwoven is with 6% and 4% GO addition to the 
textile with LCGO concentrations of 0.6% wt. and 0.25% wt. respectively. To evaluate 
durability of as-prepared samples, the bending-electrical resistance performance of the 
rGO nonwoven textiles was measured. The resistance change during fifty bending cycles 
was monitored for groups of samples in order to understand the material behaviour during 
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and after bending. The change in the electrical resistance (∆R) as a fraction of the init ia l 
resistance (R0) for rGO samples are shown in Figure 2-8 (b). The conducting nonwoven 
samples were subjected to repeated bending–relaxation to 90o up to 50 cycles. These 
samples suffered 1.14% maximum change in the average ∆R/R0 when bent to 90o. In 
addition, all the samples exhibited a stable resistance change during bending for 50 
consecutive cycles. 
 
Figure 2-9. The graph of resistance change normalised to the initial resistance (∆R/R0) 
of R3 for full 50 cycle plot against the percentage of length change.  
 
The ∆R/R0 percentage with the percentage bending, throughout the fifty bending cycles 
is displayed in Figure 2-9. As can be seen in the graph, the resistance is changing with 
non-monotonic hysteresis. 
The fundamental reason for the random change in resistance can be the random 
orientation of fibres within the nonwoven. The individual fibres and GO films within the 
composite can temporally intersect with each other during the deformation. The 
unsystematic change in conductive pathways can lead the random change in the 
resistance. 
59 
 
2.3.5 Thermal Behavior 
 
The thermal behavior of the fabric was analyzed in order to confirm the capability of the 
material in heating applications. The fabric measures 200 mm × 200 mm with 6 wt. % of 
GO was heated up to average temperature of 36°C with 32.5 V and 0.05 A within 10 
minutes. The thermal behavior of the sample exhibited a considerable heating capacity as 
the textile heating element published in the literature with 44.3% wt. add-on of 
polyethylenedioxythiophene/p-toluene sulfonic acid [113]. 
 
2.3.6 Abrasion Resistance 
 
Abrasion resistance of the textile materials is very complex phenomenon and affected by 
many factors, mainly classified as fibre, yarn, fabric properties and finishing processes. 
Some of these parameters affect the fabric surface whereas some of them have an 
influence on internal structure of the fabrics. For example, fibre characteristics like 
composite ratio and fineness play a significant role in surface abrasion, while yarn and 
fabric characteristics like yarn linear density and interlacing coefficient are significant ly 
related with structural abrasion. The mechanical properties and dimensions of the fibres 
are important for abrasion. Fibre type, fibre fineness and fibre length are the main 
parameters that affect abrasion. The abrasion resistance of the nonwoven sample was 
evaluated in multi directions by rotating the nonwoven sample against a fix load abrading 
with a geo-membrane. The electrical resistance was increased by 20% after 6000 abrading 
cycles. 
 
2.4  Conclusion 
 
The above analysis justifies the successful combination of polyester nonwoven with 
graphene oxide from a simple dip coating technique. The average resistance changed 
minimally during bending, so that the sample can be heated by applying a constant 
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voltage. The abrasion resistance test with 20% electrical resistance change after 6000 
abrading cycles further confirms the usability of the conductive nonwoven in smart 
textiles applications. Furthermore, by considering the morphological observations it can 
be mentioned that nonwoven is the most appropriate material to be used in conductive 
coating process, especially when dealing with hydrophobic fibres as majority of GO 
layers are encapsulated between intestinal regions of textile. Due to the heating property 
this can be used as a heating component for smart textiles, industrial and residentia l 
applications such as heating of floor carpets, cars seats and can be further improved to 
de-ice of aircraft driveways. In addition, polyester fibres are inherently resistant to 
climatic changes and polyester nonwoven has already been using in geo-textile 
applications. The prepared textile can be used as a conductive geo textile material in 
leakage detection surveys, due to its excellent electrical conductive properties [164-166]. 
The LCGO coated nonwoven material can be proposed as feasible, flexible, free of 
corrosion and light weight material which will open new avenues in conductive textiles 
for thermal heating. Moreover, the fabricated nonwoven material will be used to heat 
actuators to determine the most efficient method of heating.  
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Chapter 3  
Performance of Electrothermally Heated Actuators for 
Actuating Textile 
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3.1  Introduction  
 
Wearable technologies are regarded as the next frontier in electronics. Rapid 
developments in advanced technology have led to the appearance of wearable electronics 
by producing, miniaturizing and embedding flexible electro-materials into textiles [4-7]. 
As highlighted in Chapter 1, section 1.1, using actuating materials in textile is an attractive 
approach to accomplish the conversion of energy. Actuating textiles will benefit many 
application areas such as healthcare, military, and wearable electronics. As critically 
appraised in the literature review Chapter 1, section 1.4, the thermal actuation has a main 
advantage over other actuation mechanisms, such as electric field, ion based, and 
pneumatic. In addition, it is possible to use electrical power for Joule heating as an easy, 
popular, safe, and clean source of energy that is compatible with a wearable application.  
To date the thermally driven artificial muscles were reported with their maximum 
performances heating to near the melting temperature that goes even up to 250°C heating 
with different methods [17, 167]. However, the maximum temperature of the heated 
systems for the unintentional skin touch is limited to 70°C according to the ASTM C 1055 
standard [168]. This work is focused on the characterization and comparison of actuators 
for an actuating textile that enable the application possibilities with human contact. 
The performance of thermally driven actuators such as twisted and coiled fibres is 
dependent on the temperature of the actuator. Reliable temperature measurement with 
minimal disturbance to the performance of the actuator is an essential parameter in any 
characterization procedure. Using the same temperature measuring technique throughout 
the experiments is vital for the performance modelling and predictions. Therefore, this 
project will evaluate a suitable temperature measuring technique for actuators. 
A consistent heating along the actuator will enable a repeatable and steady performance. 
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Different methods of heating of the actuators will be tested and the influence of heating 
technique on the performance characteristics will be further discussed in this chapter. 
Actuator designers have introduced a certain number of criteria to allow the optimal 
selection of actuators for a given application. As described in the literature the power 
output per mass, per volume and actuator efficiency are the three fundamenta l 
characterizing properties of actuators. Furthermore, the specific criteria of performance 
analysis for actuators will allow the researchers to have more accurate comparison. Force, 
stress, strain, strain rate, cycle life and elastic modulus are some of the characterist ics 
considered in additional evaluation criteria for actuators [21, 169]. 
The comparison between actuators should be performed following a reasonable technique 
such that the acceptability of these actuators is found. The performance evaluation method 
used through the study will be resonated for the actuator comparison with the theoretical 
frame work of the artificial muscles [170].  
 
3.2 Materials and Methods 
 
3.2.1 Actuator Preparation 
 
The initial experimental sections were carried out with the objectives of identifying basic 
methods of fabricating conductive twisted and coiled fibre actuators. The coil fabrication 
process described in the literature involves twisting the fibres until it becomes coiled 
using a powered drill as shown in Figure 3-1 [17]. 
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Figure 3-1. Fabrication of actuator coils using (a1) powered drill, (a2) metallic paper clip, 
(a3) the weight, (a4) precursor fibre, (a5) fabricated actuator coil and (a6) the metallic 
stand used for tensioning the coil during thermal annealing treatment. 
 
As the first step a length of precursor fibres (a4) were cut off from the yarn spool and the 
ends of the yarns were tied to metallic paper clips (a2). One end of the filaments was 
attached to a power drill and a weight (a3) was hung off the other end. The weight is 
applied so that the fibres were held in tension but could not rotate. The weight used in the 
fabrication process was selected as the minimum weight that a precursor fibre can be 
formed into a coil without damage. 
The precursor fibre was twisted by rotating the powered drill in either clockwise direction 
(from the top view) to form a “S” twist and anti-clockwise direction to form a “Z” twist. 
The fabricated coil sample (a5) was mounted on a metallic stand (a6) stretched for 8% 
with respect to the initial coil length and thermally annealed at 200°C for 1 hr to stabilize 
the actuator and to make it prepare for the second annealing process. The thermal 
annealing process was repeated for another 1 hr by stretching the samples to 50% with 
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respect to the initial length to separate the distance between turns in the coiled structure 
for actuator contraction under a minimum load [17]. 
 
3.2.2 Electrothermal Heating of Actuators 
 
Two major approaches were identified in the literature to integrate electrical conductivity 
into the textiles as described in Chapter 1, section 1.5. Incorporating conductivity to the 
yarns and fabricating them into textiles by connecting them with conductive element is 
one approach and the other approach was focused on directly converting traditiona l 
textiles into conductive fabrics [95, 97, 98, 102-111, 113, 114]. The electrothermal 
heating methods which were tested in this study use similar kind of processes.  
As the first method, actuators were heated by connecting individual actuators with a 
conductive element. The aim was to examine possibilities of using different types of 
conductive elements for heating of the actuators including the silver coated nylon (SCN) 
yarn with 523 µm diameter and thin copper (Cu) wire with 78 µm diameter.  
The actuators fabricated using the first method was divided into two categories that of 
hybrid conductive actuators and sole conductive actuators which will be described in 
section 3.2.2.1 and 3.2.2.2 in detail. As can be seen in Figure 3-2 (a), all the actuator 
samples (a1) with an unloaded coil length of 20 mm after thermal annealing were prepared 
by connecting to the crimps (a2). As shown in Figure 3-2 (b), electrical connections were 
made using thin Cu wires (b1) to connect the actuator to power source for electrical 
heating. 
For the second heating method the actuator was directly attached to a conductive textile. 
The dip coated nonwoven textile described in Chapter 2 was used as the textile heating 
element. 
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Figure 3-2. (a) The conductive actuator, a1- the actuator, a2- crimps use to attach the 
actuator to test equipment and to a fix load, (b) magnified view of electrical connection 
b1 showing the Cu wire connected to the end crimp. 
 
3.2.2.1 Hybrid conductive actuators 
 
The hybrid conductive actuators consist of two fibre components. One component of the 
hybrid actuator was used for the purpose of actuation and was non-conductive, and the 
other component was used for electrothermal heating. The commercially available fishing 
lines are widely used and tested in the literature to form thermally heated actuators [17]. 
The conversion of commercially available fishing line to hybrid conductive actuators 
involved the below two fabrication methods.  
One type of hybrid conductive actuator was fabricated with nylon 6 fishing line with the 
diameter of 0.4 mm co-twisted with SCN yarn. The actuator coils were fabricated with 
10 MPa stress calculated with respect to the sum of the cross-sectional areas of the fibres. 
As can be seen in the Figure 3-3 (a), the electrical conductor was twisted together with 
the fishing line to form an electrically conductive “Type 1” actuator. This forms a non-
identical plied yarn hybrid actuator.  
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Figure 3-3. The hybrid conductive actuators (a) monofilament nylon-6 is twisted with 
SCN yarn (Type 1); (b) twisted and coiled nylon-6 monofilament actuator was wrapped 
with SCN conductor with a gap (Type 2); (c) twisted and coiled nylon-6 monofilament 
actuator was wrapped with SCN conductor without a gap between the conductive 
elements (Type 3); (d) twisted and coiled nylon-6 monofilament actuator was wrapped 
with a Cu wire conductive element (Type 4) (magnified view will be presented in optical 
images) 
 
The “Type 2” and “Type 3” hybrid conductive actuators were fabricated by wrapping the 
SCN around an already twisted and coiled nylon-6 monofilament. The conducting SCN 
was wrapped with and without a gap between the conductive elements as can be seen in 
Figure 3-3 (b) and (c), respectively. Further the “Type 4”, actuator was fabricated with 
the same twisted and coiled monofilament and was wrapped with a Cu wire conductive 
element conserving gaps between conductor as shown in Figure 3-3 (d).  
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3.2.2.2 Sole conductive actuator 
 
The sole conductive actuators consist of one yarn component for both actuating and 
heating. The “Type 5” actuator was fabricated using SCN yarn twisted under the 6 MPa 
stress which is the minimal stress for the actuator fabrication with the above method 
described using Figure 3-1. The picture of the sole conductive actuator is shown in Figure 
3-4. 
 
Figure 3-4. The sole conductive actuator as fabricated with SCN as the precursor fibre 
(Type 5) 
 
Table 3-1 shows a summary of the hybrid and sole actuators fabricated for the analysis. 
 
Table 3-1. The table of conductive actuator types with a description 
Description Type 
Nylon-6 monofilament twisted and coiled with SCN Type 1  
Twisted and coiled nylon-6 monofilament wrapped maintaining 
gap with SCN  Type 2 
Twisted and coiled nylon-6 monofilament wrapped without 
maintaining gap with SCN  Type 3 
Twisted and coiled nylon-6 monofilament wrapped without 
maintaining gap with Cu conductor Type 4 
SCN twisted and coiled Type 5 
 
3.2.3 Actuator Heating with Conductive Textiles 
 
As a simple method of fabrication, the nonwoven textile which is fabricated and described 
in Chapter 2 was used as the heating element for fishing line actuator. The fishing line 
actuator fabricated from 0.4 mm diameter with 10 MPa stress was attached at the two 
ends to the nonwoven which the actuator has a decent contact with the textile as presented 
in Figure 3-5 (a).  
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Figure 3-5. The monofilament actuator attached to the nonwoven textile for heating 
 
3.2.4 Temperature Measuring Technique 
 
Temperature measurement is an important parameter in evaluating electrothermally 
driven actuators. A reliable and accurate method of measuring temperature will improve 
the accuracy of data and analysis. A comparative experiment was carried out with the aim 
of selecting an appropriate temperature measuring method (Figure 3-6). 
The most widely used methods for temperature measuring can be classified as direct 
contact and contactless methods. The direct contact methods are thermistors and 
thermocouples and contactless method include liquid crystal thermography and infrared 
thermography [171, 172]. Infrared thermography is popular in research procedures 
including in smart textiles due to the commercial availability of advanced equipment 
[113, 173]. Therefore, a thermal camera that operated under the infrared thermographic 
technology was selected as the contactless method. 
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Figure 3-6. (a) The experimental arrangement for temperature comparison between 
contact and contactless methods: a1- thermal camera, a2- thermocouple, a3- actuating 
fibre, a4- digital display, a5- stand for mounting the fibre, a6-video camera, a7- power 
source, a8- alligator clips, (b) magnifying view of the reference points along the actuator  
 
To determine the accuracy of temperature readings the experiment was carried out with 
the presence of thermocouple and thermal camera as can be seen in the Figure 3-6. A 
length of 10 cm of “Type 1” actuator (a3) was held in tension by mounting into clamps 
(a5). A thermocouple (a2) was placed in contact with the actuator which is connected to 
digital thermometer (a4). The thermographic infrared camera (thermoIMAGER TIM 160) 
(a1) and the thermocouple were used to monitor the temperature. Then the actuator was 
heated by applying a voltage with the power source (a7). A digital video camera (a6) was 
used to record a video of the display of thermometer as shown in the image while 
capturing infrared video of the sample from thermal camera. This method enabled the 
simultaneous monitoring of temperature with contact and contactless method for 
comparison. The experiment was repeated for all five points of the actuator which is 
located from equal distance as pictured in Figure 3-6 (b). The thermal video and digital 
video were re-played, and the temperature was recorded against the time. 
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3.2.5 Temperature Distribution along the Actuator 
 
A consistent operation is one of the major parameters to be considered in practical 
applications. As the performance of the thermally driven actuators are governed by the 
temperature, it is necessary to have an even temperature distribution along the actuator 
for steady and consistent performance.  
Three equal areas were analysed to determine the average and standard deviation of the 
temperature along the actuator as shown in Figure 3-7. The “Area 1” was selected to 
monitor the maximum temperature of the actuator. Then, the average and standard 
deviation of recorded maximum temperatures of “Area 2”, 3 and 4 are calculated to 
analyse the temperature variation. The maximum temperature of each area was 
monitored, as it is important to keep a maximum benchmark temperature in practical 
applications as per the ASTM standard mentioned in the introduction. In addition, the 
maximum temperature of the entire actuator (Area 1) was compared with the calculated 
average to ensure that the recorded maximum temperature can be used to represent the 
temperature of the actuator in future experiments. This trial was carried out for all 
actuators, heated with different methods of heating. 
All the actuators were heated to the same temperature that of 70°C for a fair comparison. 
The voltage, current and time taken to reach the required temperature was recorded to 
calculate, the energy input as a factor reflecting the heating or heart transfer efficiency of 
all actuators. 
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Figure 3-7. The screen shot from the thermal imaging camera software showing the areas 
used to analyse the temperature profile: Area 1-main area, Area 2, Area 3, Area 4-sub 
areas used to calculate the average and standard deviation of the temperature along the 
actuator 
 
3.2.6 Tensile Actuation Measurements 
 
The experimental arrangement shown in Figure 3-8 was used to measure the tensile 
actuation. As prepared actuator sample (as shown in Figure 3-2) was attached to the force-
distance transducer lever arm (a2) which was connected to the e-corder (a3) and a 
controlling unit (a1) to perform actuation tests. The actuation test was carried out using 
the isometric mode of the lever arm at a fixed length of the actuator. The sample (c1) was 
electrically heated using the power source (b3) and the temperature was monitored using 
the thermo graphic camera (b1) for infrared video capturing. The cover (c2) was used to 
minimize the heat dissipation to the environment. 
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Figure 3-8. Experimental set up used for the tensile actuation measurement (a1), (a2) and 
(a3) lever arm machine, (b1) thermographic camera, (b2) holding load, (b3) power source, 
(c1) sample and (c2) cover used to reduce the heat dissipation to the environment. 
 
As mentioned above the experimental study used an isometric measurement to obtain the 
force generated, as presented in Figure 3-9. As can be seen Figure 3-9 the sample was 
heated to 70°C to achieve the thermal equilibrium and the equilibrium blocked force 
(generated when the actuator is at a fixed length). The sample was heated and cooled for 
a couple of cycles prior to obtaining the stroke data to ensure the actuation consistency. 
As presented in Figure 3-9, the force was relaxed to the set force by reducing the actuator 
length and then the actuator was re-stretched to the set length. This process produced 
unloading and loading curves at 70oC. This test method mimics the full range of motion 
of an actuator including active force (generated when the actuator is changing the length) 
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and stroke for an actuation cycle. A negligible pre-stretched force was applied to the 
actuator to make sure the actuator is in tension during the test. The data range gives the 
blocked force, active force and free stroke while the actuator is operated under a repetitive 
cycle.  
 
 Figure 3-9. The force, temperature and time diagram obtained from the raw data of 
tensile actuation (force, length) and temperature tests  
 
The force generated by the actuator (active or blocked) (F) is calculated by deducting the 
initial set force which is 33 mN from the total force of the actuator. The stroke values 
(ΔL) were calculated with respect to the initial set position and strain % was calculated 
by normalising the stroke values to the initial unloaded length (20 mm). The force and 
strain data will be used to determine the actuator performance. An example of the raw 
and process data for an actuating curve is shown in Table 3-2. 
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Table 3-2.The time, force and position data obtained from the actuation test for type 5 
actuator and calculated generated force (F), stroke (ΔL) and strain percentage (ΔL/L %) 
 
Time 
Total Force 
(mN) 
Displacement 
(mm) ΔF (mN) ΔL(mm) ΔL/L % 
656.7 679.84 -3.47 647.29 0 0.0% 
657 520 -3.64 487.45 -0.14 -0.7% 
657.3 429.84 -3.77 397.29 -0.27 -1.4% 
657.6 373.59 -3.86 341.04 -0.36 -1.8% 
657.9 300.63 -3.99 268.08 -0.49 -2.5% 
658.2 245.94 -4.10 213.39 -0.6 -3.0% 
658.5 206.09 -4.19 173.54 -0.69 -3.5% 
658.8 171.72 -4.27 139.17 -0.77 -3.9% 
659.1 163.91 -4.32 131.36 -0.82 -4.1% 
659.4 148.13 -4.36 115.58 -0.86 -4.3% 
659.7 140 -4.39 107.45 -0.89 -4.5% 
660 140.31 -4.43 107.76 -0.93 -4.7% 
660.3 104.84 -4.48 72.29 -0.98 -4.9% 
660.6 106.25 -4.50 73.70 -1 -5.0% 
660.9 92.5 -4.56 59.95 -1.06 -5.3% 
661.2 86.09 -4.58 53.54 -1.08 -5.4% 
661.5 81.09 -4.62 48.54 -1.12 -5.6% 
661.8 62.66 -4.66 30.11 -1.16 -5.8% 
662.1 74.69 -4.7 42.14 -1.2 -6.0% 
662.4 68.28 -4.71 35.73 -1.21 -6.1% 
662.7 73.59 -4.73 41.04 -1.23 -6.2% 
663 62.97 -4.76 30.42 -1.26 -6.3% 
663.3 57.66 -4.78 25.11 -1.28 -6.4% 
663.6 34.84 -4.8 2.29 -1.3 -6.5% 
663.9 29.38 -4.82 -3.17 -1.32 -6.6% 
 
3.2.7 Optical Image Capturing 
 
The actuator arrangement with respect to the heating element can be influencing the 
heating of the actuators especially with the hybrid actuators. Optical images were 
captured by optical microscope (model LEICA M205 A) to observe the material 
configurations of actuators. The coil geometries of the actuators were also analysed using 
the optical microscopic images.  
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3.2.8 Performance Measurements  
 
The performance measurements of all the actuator types were calculated from the 
obtained force and stroke measurements. These results were used to analyse how the 
performances of actuators are determined by the method of heating, type of the materials 
and to select a suitable actuator with a consistent operation for textile fabrication.  
The performance parameters such as power output per actuator mass, power output per 
volume and actuator efficiency were calculated using methods described in the literature 
to make the comparison easier [20]. The power output of electro thermally driven 
actuators is dependent on the rate of heating and cooling, due to the heat dissipation to 
the environment. The rate of heating will depend on the voltage and current supplied to 
heat the actuator. Controlling the rate of heating can be more successfully implemented 
with an automated system than a manual method. Heating actuators with high rates can 
caused to overheat the actuator and makes it difficult to control the temperature at thermal 
equilibrium. Because of these complications the work output rather than the power output 
was calculated for the main comparison. The work output per mass, volume and length 
were calculated for thermally driven actuators.  
 
3.3 Results and Discussion  
 
3.3.1 Temperature Measuring Technique 
 
The accuracy of the temperature measuring technique plays an important role in 
comparison of thermally driven actuators. First, the thermal camera and thermocoup le 
was calibrated separately with known temperature of boiling water. Both temperature 
readings were closely matched to each other with less than 1°C difference over the time. 
Then the temperature readings were repeated for the actuator to determine the accuracy 
of measuring technique. Temperature was measured in the middle point of the actuator 
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(point 3 of Figure 3-6 (b)) with increasing voltage which resulted in increasing the 
temperature. All the readings were taken after 15 seconds (sec) of actuator heating with 
the experimental setup presented in Figure 3-6 (a). As can be seen in Figure 3-10 (a) after 
15 sec of heating the thermal camera reading always exhibited a higher temperature value 
than the thermocouple reading. The difference of the reading obtained from two methods 
increased with the increasing voltage as can be seen in Figure 3-15 (b). Therefore, it can 
be concluded that there is a temperature lag between the two methods. The temperature 
lag increased with the increasing of voltage, i.e. increasing the heating rate. This can be 
due to the reason that a thermocouple uses the electrical resistance change and the high 
thermal time constant that caused a time delay which is a common drawback of 
thermocouple [174]. 
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Figure 3-10. (a) Thermocouple and thermal camera reading after 15 sec against the 
voltage applied to heat the actuator and (b) the difference between the two temperature 
readings, (c) continuous monitoring of thermocouple and thermal camera readings at 6.6 
V 
 
Temperature measurements at five points on the actuator as illustrated in Figure 3-6 (b) 
were taken simultaneously with thermocouple and thermal camera by heating the sample 
with 0.4 W power in 15 sec. The recorded average temperature of five points were 
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reported as 39.5°C with maximum standard deviation of 1.5oC for thermal camera and 
39°C with standard deviation of 2.3oC for the thermocouple. As can be seen in Figure 3-6 
(c) the continuous monitoring of thermal camera and the thermocouple shows a difference 
in temperature while heating the actuator. The thermal camera showed a higher 
temperature than the thermocouple indicating real time temperature. This is another 
indication for the time delay of the thermocouple reading. As seen in Figure 3-6 (c) the 
thermocouple reaches the thermal camera temperature over the time during the 
equilibrium. Therefore, it can be concluded that thermal camera provides a real time 
temperature compared to the thermocouple. 
In addition to the above discussed difference, the temperature should be measured with 
minimum disturbance to the actuator performance. A contact method may disturb the 
performance of the actuators. By considering all the above data and facts, thermal camera 
was selected to measure the temperature of actuators. This non-contact method will not 
disturb the actuator performance and will indicate the real time temperature along the 
entire sample length which can be considered as a reliable method of analysing and 
interpreting the temperature of actuators. 
 
3.3.2 Different Methods of Heating 
 
The method described in section 3.2.1 was carried out for actuator fabrication. The 
conductive coil making process involves both the polymer fibre and conductive yarn to 
be connected for even heating. Therefore, fabricating hybrid actuators needs careful 
consideration due to the different mechanical properties of precursor fibres such as tensile 
strength. 
As an example Figure 3-11 is presenting an optical image of a hybrid actuator where an 
attempt was taken to twist monofilament and a steel wire. The figure shows that the steel 
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conductor is not evenly sitting with the monofilament actuator. Hence twisting conductive 
element such as Cu or steel wire is not successful due to the incompatible properties of 
the two components.  
 
 
Figure 3-11. The optical image of the rigid electrically conductive element twisted with 
the fishing line monofilament, (a) nylon actuator, (b) steel wire 
 
In contrast, flexible conductive element such as SCN which is similar with the sewing 
thread properties was succesfully twisted together with the fishing line monofilamnet as 
can be seen in Figure 3-12 (a). As can be seen in the optical image SCN yarn is evenly 
twisted with the monofilamnet yarn and each turn of the coil is in contact with the 
conductive element which is designated as “Type 1” actuator. The optical images of 
“Type 2” and “Type 3” actuators fabricated by wrapping the conductive element around 
the monofilamnet actuator with and without maintaining a gap can be seen in Figure 3-12 
(b) and (c) respectively. As shown in the optical image the SCN yarn is evenly wrapped 
around the actuator. The optical image of fourth type of hybrid conductive actuator which 
was fabricated with wrapping the Cu conductive element around the actuator is presented 
in Figure 3-13 (d). The minimum gap between electrical conductors were mainta ined 
closer to 1 mm in both “Type 3” and “Type 4” actuators to analyse the effect of the type 
of conductive elements for the heating.  
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Figure 3-12. The optical images of (a) Monofilament and SCN twisted (Type 1), 
monofilament wrapped with SCN (b) leaving a gap (Type 2), (c) without leaving a gap 
(Type 3) between the conductive element, (d) Cu element wrapped around the 
monofilament actuator (Type 4) 
 
The sole conductive actuator was prepared with twisting of SCN single yarn. The twist 
direction of the sole conductive actuator was decided by the final twist direction of the 
finished yarn. Twisting the multifilament yarns to the opposite direction of the finished 
yarn may cause untwisting the multifilament and re-twisting which reduce the strength 
and leads the breakage during fabrication. The optical image of single SCN yarn sole 
conductive actuator is shown in Figure 3-13.  
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Figure 3-13. The optical image of the “Type 5” sole conductive actuator produced with 
SCN 
 
In addition, textile fabrics were introduced as heating elements in the literature as 
mentioned in 1.5.2. Directly heating the actuators connecting with a conductive textile is 
an easy method of fabrication. As prepared graphene coated conductive nonwoven textile 
was used to evaluate as a heating element for the actuating textile. As can be seen in 
Figure 3-14 the actuator was attached to the textile forming a reasonable contact. 
 
Figure 3-14. The optical image of the actuator in contact with the conductive nonwoven 
textile for electrothermal heating 
 
3.3.3 Coil Geometries 
 
Actuator geometries such as coil bias angle can be affected to actuator performance. 
Therefore, coil geometries were measured using the optical images using (GeoGebra 
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math app) which are resented in Table 3-3. These dimensions will also use to calculate 
the volumes of actuators. As presented in the table the bias angle of all the hybrid 
actuators lies close to each other. The outer diameter of the actuators was measured 
including the conductive element for total volume calculation, and the twisted fibre 
diameter was measured to calculate the volume of the twisted fibre. The calculated 
volumes will be used to derive the volumetric work output of actuators with respect to the 
actuator and twisted fibre volumes. 
 
Table 3-3. The coil geometries of the different type of actuators 
Type of 
Actuator 
Total Coil 
Diameter 
(outer) 
(mm) 
Twisted 
Fibre 
Diameter 
(mm) 
Bias Angle 
(˚) respect 
to coil axis 
Twisted Fibre 
Length (mm) 
per 20mm 
coiled length 
1 1.20 0.64 52.1 32.56 
2 1.62 0.42 52.9 33.16 
3 1.77 0.42 52.9 33.16 
4 0.81 0.42 52.9 33.16 
5 0.86 0.50 56.2 35.95 
 
3.3.4 Temperature Distribution and Heating of the Actuators 
 
The temperature distributions of five types of actuators were analysed as described in 
section 3.2.5. The average and standard deviation of temperature were calculated 
covering three areas of the actuator which was heated to the maximum temperature of 
70°C. As presented in Figure 3-15 (a), the maximum temperature variation was observed 
with “Type 2” and “Type 3” actuators which were wrapped with SCN. The temperature 
difference of “Type 2” actuator can be due to number of reasons. The one possible reason 
can be the uneven heating of the SCN yarn. Most of the conductive threads includ ing 
SCN are multifilament yarns with conductive coatings as shown in the microscopic image 
of Figure 3-16. Therefore, uneven coating along the relaxed SCN yarn may lead to the 
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uneven heating along the actuator. In contrast, the yarn was compacted while plying with 
monofilament to fabricate “Type 1” actuator. This influences in the conductive path ways 
along the SCN yarn which improves the heating along the fibre. Moreover, the SCN yarn 
is having a better contact with the coil turns in “Type 1” actuator which provided an even 
heating than “Type 2” and 3 actuators. The “Type 4” actuator which was wrapped with 
the Cu conductive element exhibited a less variation than “Type 1” actuator even though 
the contact points of the actuator are less frequent. Therefore, it can be concluded that 
wrapping with a rigid conductor around a nonconductive actuator provides more even 
heating than wrapping a coated conductive multifilament yarn.  
Furthermore, the sole conductive actuator which is the “Type 5” was heated with the 
minimum variation of the temperature along the actuator as can be seen in Figure 3-15 
(a) with the standard deviation of 2oC. Further twisting of the SCN yarn to the same 
direction of the twist of the raw yarn improve the conductive pathways and conductivity 
which provides an even temperature distribution. The maximum temperature recorded for 
the full length of the actuator which is the temperature of “Area 1” was compared against 
the average temperature of “Area 2”, 3 and 4. The difference between the maximum and 
average temperature was plotted against the actuator type as presented in Figure 3-15 (b). 
This analysis was carried out to confirm whether it is reasonable to consider maximum 
temperature recorded for each individual actuator, during the complete analysis of the 
textile.  
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Figure 3-15. (a) The average and standard deviation of of the temperature, (b) the 
difference between the maximum and average temperature, against the actuator type, (c) 
the energy input to the actuators 
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Figure 3-16. The microscopic image of the raw silver coated nylon yarn 
 
The actuator which was heated with the textile exhibited the highest standard deviation 
that of +/-18oC when heated to 70°C. The reason can be justified with random orientation 
of the fibres and fibre interstices of the nonwoven textile. Therefore, the conductivity 
variation of the nonwoven fabric cannot be recommended for an application which needs 
high accuracy and consistency in operation. In addition, it adds more bulkiness and weight 
to the system even though it can be mentioned as an easy and cost-effective method of 
actuator heating. Nonetheless, the actuator heating with the textile will be suitable for 
applications which the temperature and consistency are not important factors. Therefore, 
to fabricate a high performance and consistently operated textile, the study will narrow 
down to consider only five types of actuators described above for performance evaluat ion. 
The “Type 5” actuator which exhibited the minimum temperature variation along the fibre 
recorded the lowest temperature difference with around +/-2°C accuracy. 
The energy input (E) of the actuators were calculated using following Eqn. 3-1. Where, 
V is the voltage applied, I is the electric current, and t is the time taken to reach to the 
equillibirum temperature. 
𝑬𝑬 = 𝒗𝒗𝒗𝒗𝒗𝒗     Eqn. 3-1 
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The energy inputs to the actuators to reach the thermal equillibrium are demonstrated in 
Figure 3-15 (c). The energy input reflect the the heat transfer efficiency of actuators. As 
can be seen in the Figure 3-15 (c) the “Type 1” hybrid actuator was heated with minimum 
energy input which is similar to the “Type 5” sole conductive actuator. As in “Type 1” 
actuator a tight contact between the monofilament and twisted fibre was established by 
twisting which influence in higher heat transfer efficiency. The “Type 2”, “Type 3” and 
“Type 4” actuators were heated higher energy inputs compared to “Type 1” hybrid 
actuator which may be due to the differect contact area, homohenity and different type of 
conductive elements that lead to different heat transfer efficinecies.  
 
3.3.4.1 Performance Measurements 
 
Actuators described above convert electrothermal energy to the mechanical energy. As 
mentioned in 3.2.8 mechanical performance parameters of these actuators were calculated 
to make a comparison between five actuator types.  
There are several methods in the literature to determine the work output of artific ia l 
muscles. The product of load which was carried by the actuator and the respective length 
change is considered in some calculations using the Eqn. 3-2 [17].  
Work output of actuator = F*x   Eqn. 3-2 
Where, F = a load carried by the actuator and x = the respective length change. 
Even though, the above calculation can give an estimate of work output, the actuators 
need more accurate comparison when determining their suitability for applications such 
as biomedical. Therefore, more comprehensive analysis is needed for accurate predictions 
of the performance parameters. In fact, the work output can be misinterpreted for several 
reasons as stated by muscle biologists which have reasonable arguments [175]. Some of 
these arguments are directly applicable for the artificial muscle evaluations as well. As 
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the first reason, it has been mentioned that the maximum force produced by a muscle does 
not necessarily produce the highest length change for the natural muscles which is true 
for the artificial muscles as well. Therefore, for a fair comparison the maximum work 
output should be calculated after conducting a range of experiments under different loads 
in isotonic mode for different actuator types.  
The isotonic contraction happens under a constant force during an activity and may not 
mimic the artificial muscle movement. As an example, if the artificial muscle is attached 
to a joint as pictured in Figure 3-17, at the unactuated status the force of the muscle is 
equal to F.cos θ. When the muscle contracts the joint angle also changes which results in 
changes in the force acting on the muscle. 
 
 Therefore, the artificial muscle contracting under a constant force like stimulated in the 
isotonic contraction is not representative for all movements. 
 
Figure 3-17. Schematic of lifting a load (F) by an actuator (a) attached with an init ia l 
angle of 𝜽𝜽 to lever  
 
On the other hand, the maximum force or the blocked force under isometric conditions 
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are measured at a set length when muscles are not allowed to be shorten. 
The method which was proposed by the muscle biologists for better estimation for work 
output of natural muscles involved simultaneous measuring of the force and strain [170, 
175]. This method gives the force and respective strains of muscle contraction and 
lengthening, while the muscle was subjected to change the length. The basic experimenta l 
procedure for simultaneous measuring of force and strain can be stimulated with the 
actuator operated under a restoring spring as reported in the literature [176, 177]. The 
method assumes a spring operated against the actuator as can be seen in Figure 3-18. 
 
Figure 3-18. The schematic representing the actuator operated under a restoring spring, 
(a) f ′ is the external force in unactuated status, (b) the actuator contraction extend the 
spring which the spring force is increased to f″, (c) due to the modulus change of the 
actuator the spring force is reduced to f ‴(adopted from Spinks et al [176]) 
 
In this scenario the actuator at rest is under an external force of f ′ and the actuator 
contraction extends the spring which the spring force is increased to f″. The heating of the 
material may change the modulus of the actuator which the spring force is reduced to f ‴. 
ΔL0 is the “free stroke” or the maximum stroke of the actuator material when the actuator 
is operated against no external force. The total displacement is given by deducting the 
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displacement caused due to the spring force and the displacement due to modulus change 
of the material from the free stroke [176]. 
 
Therefore, at a given starting force the actuator stroke ΔLf is given by, 
ΔLf =ΔL0- �f ''-f '�ki -( f '''ki' - f ''ki ) 
 
By simplifying the above equation,  
ΔLf = ΔL0(1+r)      Eqn. 3-3 
Where r is the ratio between ke /ki′ and ke is the stiffness of the external spring and the ki′ 
is the stiffness of the actuator in its final (stimulated) state. 
As shown previously [176], the optimum value for the actuator work output is given when 
r = 1. Therefore, the actuator stroke that generates the most work for a given force is equal 
to the half of the free stroke according to the Eqn. 3-3. The maximum work output (Wmax) 
generated by an actuator can be calculated using following Eqn. 3-4 [176]. 
  Wmax= 14 * 12 (k'iΔL02)     Eqn. 3-4 
 
3.3.4.2 Tensile Actuation Measurements to Determine Work Output 
 
 
The force/stain curves were obtained from the experimental procedure described in 3.2.6. 
Similar calculations were performed for all the samples as presented in Table 3-2. As can 
be seen in Figure 3-19, the 1st, 2nd, 3rd and 4th force/strain cycles were analysed to get an 
overview of the force generated and the comparative stroke data of samples. As can be 
seen in Figure 3-19 the 2nd, 3rd and 4th actuation cycles lie close to each other and 
91 
 
demonstrated a consistent actuating behavior for the actuators while the 1st cycle deviated 
from the other three cycles. Due to the consistency of repeated cycles and for the practical 
compatibility, the 3rd loading and unloading cycle will be further considered for the 
analysis. 
 
 
Figure 3-19. An example for force and strain curves plotted from the processed data 
from Table 3-2  
 
The 3rd force/strain cycles of all the five actuator types are presented in Figure 3-20 (a). 
As can be seen in the graph Type 2, 3 and 4 actuators composed of same material (nylon-
6 monofilament of 0.4 mm diameter), but with different heating techniques showed 
different force and stroke values which the reason will be discussed in detail later in this 
chapter. 
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Figure 3-20. The force stroke curve of all the actuators at 70 ⁰C 
 
The actuator force was plotted against the respective stroke to calculate the stiffness (k’i) 
values for different actuator types. The slope of the force and stroke curves at 70 °C 
represent the k’i of the actuators. 
 
The work output per mass (gravimetric work output) (𝑊𝑊𝐺𝐺(𝑚𝑚𝑚𝑚𝑚𝑚)) and volume (volumetr ic 
work output �𝑊𝑊𝑚𝑚(𝑚𝑚𝑚𝑚𝑚𝑚)� can be calculated from Eqn. 3-5 and Eqn. 3-6 respectively. 
In addition, the work output per length, �𝑊𝑊𝐿𝐿 (𝑚𝑚𝑚𝑚𝑚𝑚 )� was also calculated for all the 
actuators using Eqn. 3-7. WG(max) = WmaxM     Eqn. 3-5 WM(max)= WmaxV     Eqn. 3-6 WL(max) = WmaxLc     Eqn. 3-7 
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Where the mass (M) and volume (V) were calculated with respected to the total actuator 
and twisted fibre. The Lc is the length of the coil which is 20 mm. The volume was 
calculated considering a cylindrical shape of the actuator and twisted fibre and the volume 
of the actuator coil (Vc) and the volume of the fibre (Vf) is given by Eqn. 3-8 and Eqn. 
3-9, respectively, where R is the radius of the coil and r is the radius of the twisted fibre. 
The dimensions are given in Table 3-3. 
 VC =πR2L     Eqn. 3-8 Vf =πr2l      Eqn. 3-9 
 
As can be seen in Figure 3-21, actuators which were fabricated with same precursor fibres 
and heated with different methods demonstrated different work output per mass, volume 
and length. The “Type 2”, “Type 3”, and “Type 4”, actuators used nylon 6 monofilament 
as the active fibre while SCN was used as the heating element for “Type 2”, “Type 3”, 
and Cu wire was used for “Type 4” actuator.  
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Figure 3-21. The work output per (a) unit weight, (b) unit volume with reference to the 
twisted fibre and actuator, (c) unit length with reference to the actuator length (20mm). 
In (a) and (b) graphs the work output was determined based on the total weight/vo lume 
of the actuators or the weight/volume of the actuating fibres. 
 
 
The gravimetric and volumetric work output of above described hybrid conductive 
actuators with identical actuating material and different heating techniques exhibit a 
maximum difference of 41% between “Type 2” and “Type 4” actuators normalised to the 
95 
 
weight and volume of twisted fibre. The work output per length can also be important in 
some practical applications where the length is a limiting factor. The maximum difference 
of the work output per length reported between three actuator types was 41% between 
“Type 2” and “Type 4” actuators.  
As can be seen in Figure 3-21, the “Type 2” and “Type 3” actuators are demonstrating 
similar gravimetric, volumetric (based on twisted fibre) and per length work output. 
Moreover, “Type 2” and “Type 3” actuators were heated to a similar average temperatures 
(64⁰C) and standard deviations (with a standard deviation of 6oC along the actuator) as 
presented in Figure 3-15. Even though the above two actuators were heated within the 
same range of temperature, and exhibited same work outputs, they demonstrated different 
force and stroke values as shown in Figure 3-20. This may be due the inhibiting effect of 
the conductive element (SCN) which was wrapped around the actuator which reduce the 
actuating function. Therefore, it can be concluded that the same actuator with different 
methods of heating can have significant contributions to the thermally driven actuator 
performances. 
“Type 2” and “Type 3” actuators are heated with highest standard deviation of the 
temperature and unpredictable performance parameters due to the obstruction of the 
conductive element. This may lead to inaccurate modelling or predictions. Thus, “Type 
1”, 4 and 5 actuators will be further considered in the chapter to be evaluated for their 
performances. Hence this study will stay focused to further analyse the performance of 
the actuator types which is evenly heated. 
 
3.3.4.3 Impact of Material Properties on Work Output 
 
The “Type 1” actuator was fabricated by twisting monofilament and a conductive 
multifilament thread (SCN). The “Type 4” actuator was fabricated by only twisting 
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monofilament fibre and “Type 5” was made from twisting the SCN. However, as 
described in above section wrapping the conductive element around an actuator can affect 
the performance by distracting the movements even though the actuator can be evenly 
heated. Therefore, a Cu wire with a very thin diameter which is around 78 µm was used 
to minimize the disturbance in “Type 4” actuator. Nevertheless, twisting a conductive 
element with a nonconductive precursor fibre or using fibres with conductive coatings to 
fabricate actuators can be suggested as more reliable methods of actuator heating. 
 As can be seen in Figure 3-22 (a) “Type 1” actuator demonstrated the highest stiffness 
out of three actuators. Twisting of the conductor with the monofilament caused increase 
in the stiffness of the “Type 1” actuator compared to “Type 4” and “Type 5” actuators. 
Therefore, it can be concluded attaching a conductive element by twisting will have an 
impact on actuator properties. 
The multifilament or multiply yarn actuators are exhibiting different blocked forces and 
active forces as can be seen in Figure 3-22 (b). The highest actuation stroke of “Type 5” 
actuator and the highest stiffness of “Type 4” actuator counterbalance to generate nearby 
blocked and active forces according to Eqn. 3-10 , as the force generated is a product of 
stiffness (k) and stroke (x). F = k.x     Eqn. 3-10 
However, the reason for the difference between the blocked and active forces of 
multifilament actuators has not been fully verified in terms of the material properties, but 
it may be due to configurational properties of inter fibre re-arrangement of the artific ia l 
muscle while performing the contractions. 
The maximum work output is a function of material stiffness and the stroke. The “Type 
5”, sole conductive actuator which is fabricated with SCN yarn with lowest stiffness 
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exhibited the highest stroke as can be seen in Figure 3-22 (c). The “Type 5” actuator 
demonstrated around 2-fold larger actuation stroke than the “Type 4” and “Type 1” 
actuators. Even though the stiffness of “Type 1” actuator is double that of the “Type 5” 
actuator, the “Type 5” actuator exhibited a higher work output than “Type 1”. This is 
because the impact of stroke of the actuator for the work output is higher than the stiffness 
of the actuator according to Eqn. 3-3 (the stroke value is squared). Moreover, the “Type 
5” actuator demonstrated the highest performance parameters including gravimetr ic, 
volumetric, per length work output, and stroke values. Therefore, it can be concluded that 
the tensile actuations of thermally driven actuators are highly related to the performance 
parameters.  
 As mentioned in section 1.3.5.1 the tensile actuation in polymer coil muscles is derived 
from torsional actuation. The experimental studies have proven that the torsional 
actuation of a twisted polymer fibre is proportional to the twist inserted during coil 
formation for monofilament actuators [178, 179]. Assuming that the twisted fibre length 
does not change significantly during heating, the previous analysis can be simplified to 
Eqn. 3-11. 
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Figure 3-22. The (a) stiffness, (b) blocked and active forces, (c) stroke of the actuators 
which are evenly heated. 
 
 
ΔT=cT0      Eqn. 3-11 
Where, ΔT is the untwist turns per fibre length during actuation, T0 is the initial twist 
(turns per fibre length) and c is a constant.  
The initial twists inserted to fabricate different types of actuators are shown in Figure 
3-23. By comparing Figure 3-23 and Figure 3-22 (c), it can mentioned that the twist 
inserted for coiling shows the same trend to that observed for the free strokes of the 
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actuators. The twist inserted for coiling or the critical twist depends on material properties 
such as Young’s modulus according to the Ross criterion [179]. By considering the above 
results it can be concluded that the actuator performance is highly dependent on the type 
of actuator material and their properties. 
 
Figure 3-23. The initial twists inserted for different types of actuators  
 
Twisting of multifilament yarn (Type 5), exhibited a higher actuator performance than 
plied actuator (twisting of unidentical yarns) (Type 1) and monofilament actuator (Type 
4). However, the validity of Eqn. 3-10 for the actuators fabricated by twisting mult ip le 
yarns was not experimentally proven and will be described in Chapter 5. 
Further, the maximum stress (𝜎𝜎)is calculated from Eqn. 3-12. 
σ= FA     Eqn. 3-12 
Where, F is the active force, A is the cross-sectional area of the twisted fibre which is 
calculated from Eqn. 3-13. A=πr2     Eqn. 3-13 
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The maximum active stress reported was given by “Type 5” actuator which is 3.4 MPa 
and this actuator also produced a free strain of 6.5% when heating the actuator to 70°C 
by applying a voltage of 0.7 V and 0.27 A.  
 
3.4 Conclusion 
 
This chapter was focused on determining key factors effecting the performance of 
developed actuators. As the first step, a method of measuring the temperature which is an 
important parameter in characterising of artificial muscles was finalised with the infrared 
thermal video monitoring (contactless method). As the second step, a performance 
evaluation method was adopted from basic theories of artificial muscles characterisat io n 
which is a reasonable technique in comparison of work output. 
The actuators fabricated with identical materials which were heated with different 
techniques were evaluated for performance indices. The results indicate a heating 
technique can significantly affect in actuator performance exhibiting 41% difference in 
gravimetric and volumetric work output. Furthermore, the performance of actuators was 
highly dependent on the type of the raw material used as the precursor fibres as well.  
According to the results, the SCN twisted actuator exhibited the highest performance 
parameters with 8 kJ/m3 and 10 J/kg heating to the temperature of 70°C. These actuators 
demonstrated a very low efficiency (0.0016%) due to the slow heating to achieve thermal 
equilibrium with heat dissipation to the environment and high specific heat capacity of 
synthetic polymers. The strategies for improving the efficiencies will be discussed with 
the practical application possibilities in chapter 6. 
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Chapter 4  
Actuating Textile Fabrication, Characterisation and 
Modelling 
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4.1 Introduction  
 
Electrothermally operated actuating textile will be useful in many application areas, but 
there are only a few researches reported to date for fabricating and characterising of 
actuating textiles. As described in detail in Chapter 1, researchers were able to fabricate 
CNT [76], conducting polymer [46], SMA [48], and coiled nylon [92] [17] [19] and CNT/ 
Spandex [13] based actuating textiles. Most of these actuating textiles are demonstrated 
for force and strain generation or amplification. However, a relationship between the 
single actuator performance and the textile performance has not been analyzed and linked 
by any studies to date. Therefore, accommodating a textile in a practical application to 
perform a specified work will be problematic. 
A methodical characterisation, analysis and modelling of actuating textile will address 
the above research gap which is an essential step to use them in high tech application with 
pre-determined work capacities. Therefore, this chapter is focused on fabricating, 
characterising and mathematical modelling of an actuating textile. 
The electrical shorting due to the mechanical intersections of conductive yarns is one of 
the major challenges in fabricating conductive textiles. The even flow of electric current 
is more demanding in an actuating textile which is operated by electrothermal heating for 
a steady operation. There are research reported in applying a silicone coating to overcome 
the issue of establishing electrical links of a conductive textiles which were described is 
Chapter 1 section 1.5.3 [128, 129]. Applying a silicone coating for actuators need to be 
further considered and analysed for the effect of coating on the performance of the 
actuator. Nonetheless, an insulation coating will allow the actuators to be compacted in a 
textile structure. Therefore, this chapter will critically analyse and appraise the pros and 
cons of insulation coating for actuator performance. 
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Finally, a method of characterisation of the knitted and woven textile will be presented 
for actuating textile with a modelling technique to predetermine the force, strain and other 
performance parameters. This will enable to select an appropriate material structure for 
an application which is exactly satisfying the end requirement.  
 
4.2 Materials and Methods 
 
4.2.1 Conductive Actuator for Insulation 
 
An even heating of actuator is vital for an accurate modelling of textiles. Amongst the 
heating methods described in Chapter 3 the “Type 5” sole conductive actuator fabricated 
with SCN exhibited the minimum temperature variation with higher performance 
parameters. Therefore, SCN actuator will be used to incorporate silicone coating and 
fabricate into the textile. 
 
4.2.2 Electrical Insulation Coating for Conductive Actuators 
 
The electrical shorting of the actuating textile structure will change the conductive 
pathways which can result in inconsistent functionalities. As a precaution for electrical 
shorting, silicone coating method was introduced to the actuators. 
The selected conductive actuator was coated with the silicone using the apparatus 
arrangement shown in Figure 4-1. The conductive actuator was prepared only with the 
first stage of thermal annealing by stretching it to around 8% as mentioned in Chapter 3, 
section 3.2.1. The second stage of annealing was proceeded after the coating as the 50% 
stretch during second annealing produced a gap in between adjacent turns in the coils. 
Applying the silicone substrate after this second stage of annealing would mean that the 
silicone material would fill the gaps between turns in the coil and restrict the actuator 
movement and further diminish the actuator performance.  
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To apply the silicone coating, the syringe in Figure 4-1 (a1) was filled with soft silicone 
(provided by Smooth-On Inc Pvt. Ltd) attached with a pipette tip (a2). Then the actuator 
was slowly pulled in a straight position as pictured in (b). This results in applying a 
silicone coating around the actuator (b1). As presented in the schematic (c) the conductive 
actuator (c1) was passed through a syringe in between the gap of the plunger (c2) and the 
syringe surface. A part of the syringe plunger was removed as per the cross section shown 
in Figure 4-1 (d), (d2) and a slit was inserted in rubber plunger top (d3) to make a gap to 
pass the actuator through. The coating thickness was controlled by precision measuring 
and trimming of the pipette tip as shown in Figure 4-1 (d1). Then the silicone coated 
actuator (b1) was kept in the room temperature for 1 hr curing. 
 
Figure 4-1. The coating process (a) apparatus arrangement, a1-syringe, a2-pipette tip, (b) 
silicone coating, b1- actuator, (c) schematic of the syringe, c1- actuator, c2- syringe 
plunge, (d) the trimming of, d1- pipette tip to control the thickness of coating, d2- the 
syringe top trimmed to pass the actuator through the syringe and d3- trimming line of the 
syringe plunger.  
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The actuator was annealed for the second time with 50% stretch. Further, the “Type 5” 
actuator with the diameter of 0.86 mm was coated with silicone for different thicknesses 
to see the effect of silicone coating thickness for the actuator performance. The coating 
thickness was controlled by maintaining various trimming position of the pipette tip. The 
actuators were coated with thicknesses of 0.1 mm, 0.3 mm, and 0.5 mm and samples was 
designated as C1, C2, and C3 respectively. Increasing the coating thickness further was 
not possible due to the high viscosity properties of uncured silicone which caused uneven 
coating.  
 
4.2.3 Textile Fabrication 
 
Textiles are considered as flexible materials consisting of natural or synthetic fibres. The 
main aim of the textile fabrication with actuators is to investigate the influence of fibre 
architecture in the textile structure for force and strain generation. Electrically insulated 
sole conductive actuator was used as the active component of the textile. Traditiona l 
textiles such as plain weave and plain knit structures were fabricated as a part of the 
experimental studies as shown in Figure 4-2. (a) and (b) respectively. 
The woven samples were fabricated with continuous warp yarn and individual yarns as 
shown in the schematic Figure 4-2 (a1) and (a2) to analyse the effect of fibre heating 
within the textile structure. Even though, it is a common practice to use continuous weft 
yarn in the industry weaving process, manufacturing a continuous warp weave fabric can 
be maintained by using a rotary apparatus for a loom reed [180]. A cotton yarn with a 
liner density of 0.048 g/cm (approximate diameter of 1 mm) was used as the passive weft 
yarn which was woven across the active warp yarns. Upon analysing the results, it was 
decided to use a continuous actuator length to fabricate the woven and knitted textiles for 
the characterisation of force and stroke. 
106 
 
 
 
 
 
 
Figure 4-2. The textile structures (a) photograph and schematic of woven textile 
fabricated with a1- continuous warp yarn, a2- individual warp yarn, (b) knitted textiles, 
b1- schematic of knitted textile structure 
 
The knitted textile was fabricated and shown in Figure 4-2 (b). The active part of the 
textile was fabricated using “Type 5” sole conductive actuator and the supporting passive 
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part to minimize the usage of actuator. The textile was hand knitted with knitting needle 
with a diameter of 2 mm for the characterisation. 
All the textiles were fabricated with silicone coated C3 actuator with the highest possible 
thickness due to the durability of the silicone coating including ease of characterisat ion 
which will be discussed in detail later in this chapter. 
 
4.2.4 Silicone Coated Actuator Characterisation 
 
The silicone coated actuator was also monitored for the actuator performance parameters 
with the same experimental procedures described in Chapter 3 section 3.2.6. In addition, 
the silicone coated actuator was compared for heating against the uncoated actuator to 
analyse the effect of silicone coating for the heating of the actuator. The samples with 
different coating thickness (C1, C2 and C3) were prepared as shown in Figure 4-3 (a). As 
can be clearly seen in Figure 4-3 (c) (magnified view), all the samples were set with a 
continuous actuator by removing the silicone coating of one portion as presented in (a3) 
and (a6) which the magnified view is presented in Figure 4-3 (c). Therefore, the both 
coated and uncoated actuator parts can be heated with connecting (a1) and (a2) to a power 
source. The crimp (a4) was connected to the lever arm to obtain force and stroke 
measurements while (a5) was connected to a non-moving load to hold the sample in 
tension. As illustrated in Figure 4-3 (b) the temperature of silicone coated, and uncoated 
actuator segments were monitored and recorded while measuring the tensile actuation of 
the coated actuator segment from the experimental setup described in Chapter 3, section 
3.2.6.  
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Figure 4-3. (a) The actuator prepared for characterisation of heating effect of coated and 
uncoated actuators, a1 and a2- electrical connections, a3- silicone coated actuator, a4- 
crimp connected to the lever arm, a5-the crimp connected to non-moving load to hold the 
fibre in tension for tensile actuation test, a6- uncoated actuator, (b) screen shot of the 
thermal video capturing of coated and uncoated actuator with a temperature monitor ing 
graph of two areas, (c) magnified view of the uncoated and coated actuator  
 
4.2.5 Optical Image Capturing 
 
Optical images were captured to analyse the coating thickness and uniformity of the 
coating on the silicone coated actuators as described in Chapter 3, section 3.2.7. 
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4.2.6 Actuating Textile Characterisation 
 
Even heating of the textile structure is having the same importance as even heating of 
actuators. Therefore, the textile was characterised for the even heating of the actuator 
within the textile structure. The fabricated woven textile samples with continuous warp 
yarn (Figure 4-2 (a1)) and individual warp yarns illustrated in (Figure 4-2 (a2)) were 
heated using a power source up to the temperature of 70 °C. The 10 cm length of sample 
was analysed for the heating of individual actuators within the textile structure.  
Furthermore, textiles were characterised for the tensile actuation using the Shimadzu EZ 
mechanical tester (Figure 4-4 (a)). Textile was attached in the relaxed position to the 
mechanical tester (a1) which is considered as the zero position. Then the textile was 
stretched by 2 mm to keep the sample held at a tension. As the next step, the textile was 
electrically heated by applying voltage with a power source (a3) with the simultaneous 
monitoring of temperature by thermal camera (a2). The magnified view of textile attached 
to the tensile tester is illustrated in Figure 4-4 (b). A length of woven or knitted textile 
(b1) was clamped using the tensile clamps (b2) and the textile was heated with electrical 
connections (b3). The force and stroke curves of developed actuating textiles were 
obtained as shown in Figure 4-5.  
Figure 4-5 (a) presents a screen shot of the controlled tensile testing program and Figure 
4-5 (b) illustrates the corresponding force and stroke graph obtained during the test. As 
shown in Figure 4-5 (a) the textile was stretched up to 2 mm which is represented in Area 
1. Within the time duration of Area 2, the textile was heated to 70°C while held in tension. 
Then a force/stroke curve was obtained by taking back the textile close to the relaxed 
state and then re-stretching the textile up to 2 mm as can be seen in Area 3 and Area 4, 
respectively. The textile was cooled down to room temperature during which the force is 
returning close to the force achieved during the stretched position as shown in Area 5.  
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The data was analysed with the same approach as done for the single actuator as described 
in Chapter 3, section 3.2.6, by reducing the set force (the force of the textile when 
stretched up to 2mm) from the force generated during heating in Area 2 and 3. The stroke 
was calculated from the displacement with respect to the initial stretch position which is 
2 mm. 
 
Figure 4-4. (a) The apparatus arrangement of textile testing, a1-tensile tester, a2- thermal 
camera, a3- the power source, (b) the magnifying view of, b1-textile attached to b2- 
tensile clamps and b3- electrical connections 
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Figure 4-5. (a) The screen shot of the tensile testing program, (b) corresponding force 
and stroke measurements against the time obtained from the tensile test  
 
4.2.7 Performance Measurements  
 
The performance measurement of silicone coated actuators and textiles will give an 
insight to the comparison and to determine the effect of silicone coating to the actuator 
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performance. Moreover, it will provide an understanding about the pros and cons of 
actuating textile structures. The work output of silicon coated actuators and textile was 
calculated using the approach described in Chapter 3, section 3.3.5.1 using Eqn. 3-3. 
 
4.3 Results and Discussion  
 
4.3.1 Silicone Coated Actuator Performance 
 
The “Type 5” actuator which is fabricated with SCN yarn was coated with silicone for 
electrical insulation using the process described in section 4.2. The silicone coated 
actuators are designated as C1, C2 and C3 with total dimeter of 0.95 mm, 1.13 mm and 
1.32 mm respectively as illustrated in Figure 4-6. The silicone coating thicknesses are 
obtained by deducting the uncoated actuator (Type 5) diameter from the total diameter of 
the coated actuators. The corresponding coated thickness of C1, C2 and C3 are 0.1 mm, 
0.3 mm and 0.5 mm. 
 
Figure 4-6. Optical images of silicone coated actutors with different coating thicknesses 
(a) 0.95 mm -C1, (b) 1.13 mm -C2 and (c) 1.32 mm -C3 
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All the silicone coated samples were tested as described in experimental section 4.2.4. 
The force and stroke data were obtained, and the calculations were done accordingly. 
The force and strain of silicone coated actuators are plotted against the silicone coated 
actuator type as shown in Figure 4-7 (a) and (b). As can be seen in the graphs the force 
and stroke of the actuators are decreased with the increasing the thickness of the coating. 
When the coating thickness is increased, the opposing force exerted by the silicone for 
the diameter expansion increases, which reduces the torsional actuation, linear actuation 
and the strain. The blocked force of the silicone coated actuators was at least reduced by 
30% comparing C1 and uncoated “Type 5” actuators and further reduced by 43% due to 
the increase of coating thickness comparing C3 and C1 actuators. The blocked force is 
reduced with the silicone coating due to influence of the stiffness and the stroke.  
The effects on stiffness can be explained by following equation. 
k= G d48D 3N     Eqn. 4-1 
 
Where, K is the stiffness of the coil, d is the twisted fibre diameter, D is the coil diameter, 
N is the number of turns in the coil and G material’s shear modulus.  
According to Eqn. 4-1 the stiffness of the polymer coiled muscle after heating depends 
on the reduction in shear modulus and the increase in fibre diameter which are 
simultaneous processes. When the shear modulus drop is greater than the diameter to the 
fourth power increases the stiffness decreases. The diameter increase of the actuator is 
restricted by the increasing coating thickness. As all the actuators are heated to the same 
temperature the shear modulus reduction of the “core” of the silicone coated actuator 
which is composed of silver coated nylon (Type 5) remains the same. The expansion of 
the diameter is decreased with the increasing coating thickness as mentioned above. These 
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two effects caused the decrease in the stiffness of the actuators and blocked force. 
 
Further, Figure 4-7 (a) shows that the difference between active force and the blocked 
force of actuators are decrease with the coating thickness. The force/strain curve of 
consecutive two cycles for C1 and C3 with minimum and maximum thicknesses of coating 
is presented in Figure 4-7 (c), showing that both 1st and 2nd cycles of C3 actuator lie close 
to each other behaving differently to C1 actuator and uncoated actuators.  
There is only 5% difference in the blocked and active forces of C3 actuator compared to 
the 24% difference between blocked and active force of uncoated “Type 5” actuator and 
17% difference in C1 actuator. The difference for the blocked and active forces of 
multifilament actuators, may be due to the inter fibre movement of the actuator which is 
limited with the silicone coating that restrict the free movement of fibres with the silicone 
composite.  
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Figure 4-7. The (a) force, (b) stroke of actuators against type of sample, (c) the 
force/stroke curves of C1 and C3 actuators showing the different of 1st cycle and 2nd cycle 
 
The decrease in force and stroke of the silicone coated actuators caused decrease in 
gravimetric, volumetric work capacities and work output per length of at least by 50% in 
comparison with the “Type5” uncoated actuator at the thermal equilibrium of 70°C.  
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4.3.2 Effect of Silicone Coating for Heating 
 
The temperature of silicone coated, and uncoated actuator segments were monitored to 
analyse the effect of silicone coating for actuator heating and cooling as described in 
section 4.2.4. The uncoated (a1) and coated (a2) actuator segment are heated with the 
same voltage as illustrated in below schematic Figure 4-8 (a). Therefore, the both coated 
and uncoated actuators are heated with the same power. The actuator was heated by 
applying a voltage of 0.7 V, that the both segments were able to reach the thermal 
equilibrium as shown in Figure 4-8 (b). At the beginning of the heating cycle, the coated 
actuator segment demonstrated a lower temperature than the uncoated actuator segment 
as the silicone coating may perform as a thermal insulation. Due to the low thermal 
conductivity of silicone, the heat generated by the actuator is not transmitted to the surface 
of silicone coating. This property can be considered as an advantage in most of the 
practical applications as the feel temperature to the user is low. 
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Figure 4-8.The simultaneous monitoring of silicone coated and uncoated actuator 
segments (a) the schematic of heating of the (a1) uncoated and coated (a2) actuator 
segments, (b) the simultaneous monitoring of the temperature of coated and uncoated 
segments against the time of C2 actuator, (c) the work output comparison of slicone coated 
and uncoated actuators 
 
In contrast, at the thermal equilibrium uncoated actuator segment was heated to 68°C 
while the coated actuator was heated to 77°C with the same power. In general, this may 
be due to the trapped heat within the silicone insulator, which caused in exhibiting a 
higher temperature in silicone coating compared to uncoated actuator. Consequently, the 
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work output per length of the coated actuator with the thinnest coating is increased by 
23% compared to the uncoated actuator “Type 5” with the same electrical energy input.  
Figure 4-8 (c) presents the work output of the silicone coated actuators heated as shown 
in Figure 4-8 (a) that the uncoated actuator is heated to 70°C. As can be seen in the graph 
even though the coating thickness further increased the work output decreased, because 
there is no significant increase in the temperature difference between the coated and 
uncoated actuator segments which was limited to around 9°C for all three samples. 
Therefore, further increasing the coating thickness up to a certain value will increase the 
energy output per energy input by maximum of 23% which is the efficiency of the 
actuator. Nonetheless, silicone coated actuators with slow heating around 0.3 ºC/sec to 
achieve thermal equilibrium cannot guarantee a high efficiency value which is 0.004% 
due to the heat dissipation to the environment  
 
4.3.3 Textile Fabrication and Characterisation 
 
The silicone coating enables the actuating fibres to be woven or knitted into the textile 
structure without electrical shorting. The characterisation and modelling of woven, and 
knitted textile structures for force and strain will determine the suitability to use the smart 
textile in practical applications with predetermined parameters. The actuator C3 was 
selected to fabricate the textile due to the durability of the silicone coating and easy 
characterisation due to the similar blocked and active forces.  
 
4.3.4 Woven Textile 
 
Weaving is one of the fabrication methods used in the industry for textile manufactur ing. 
Woven fabrics are created on a loom by interlacing threads forming right angles to one 
another. Weaving of conductive actuators was done in two methods either with 
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continuous warp yarns or individual warp yarns (discountinous), as described in section 
4.2.3. The silicone coated actuator C3 was used as the warp yarn of the textile and a cotton 
yarn with 1 mm diameter was used as the weft thread.  
A plain weave textile was prepared with 20 mm * 23 mm as the dimensions of length 
(Ltex) * width (wtex). The magnified image of the woven textile and the schematic is shown 
in Figure 4-9 (a) and (b), respectively. As can be seen in Figure 4-9 (b) the width of the 
textile is equal to the sum of the diameters of the actuators (1.32 mm) and the gap in 
between the actuators which is 1 mm. The total width (wtex) is around 23 mm as presented 
in Eqn. 4-2. 
 
wtex = (1.32 * 10+(1 * (9)) = 23 mm   Eqn. 4-2 
 
The thickness of the woven textile is the thickness of the actuator (warp yarn) and two 
times of the thickness of the weft cotton yarn as can be seen in the cross section of the 
woven textile in Figure 4-9 (c). The total thickness (t) of the woven textile is 3.32 mm as 
given by Eqn. 4-3. The total length of the actuator used for the textile fabrication was 
around 215 mm. 
t = (1.32+(1 * 2)) = 3.32 mm    Eqn. 4-3 
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Figure 4-9. The (a) magnified view of the woven textile, (b) the schematic of the yarn 
arranagement with dimentions, (c) schematic of the cross section of woven textile 
 
The woven textile which was fabricated with individual warp yarns (Figure 4-2 (a1)) was 
first heated to analyse the evenness of heating of the textile. The textile was heated to the 
maximum temperature of 70°C. The individual actuators of the textile demonstrated a 
standard deviation of 5oC with an average temperature of 64°C. This variation in 
temperature may be due to the electrical resistance variation of the individual actuators 
that may be affected by the tension differences and separate electrical connections. A 
small difference in the electrical resistance can cause the electrical current to flow through 
the actuator with lowest resistance which leads to the temperature variation. 
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In contrast, the textile that was having the continuous warp yarn (Figure 4-2 (a2)) 
exhibited a lower temperature variation, 68°C average and standard deviation of 3oC. 
Therefore, the textile with continuous warp yarn was selected for characterisation and 
modelling of the woven textile due to the comparatively lower temperature variation 
within the textile.  
As described in experimental section 4.2.6, the woven textile was tested for the actuation 
and respective force and stroke data were obtained. As described in Figure 4-7 (b) all the 
actuation cycles are similar for the C3 actuator including the blocked and active forces. 
Therefore, for the modelling purpose the 1st cycle of force/strain curve of textile and C3 
sample were considered. 
A comparison of single C3 actuator and woven textile is illustrated in Figure 4-10 (a). As 
can be seen in the graph, the force of the textile fabricated with C3 actuators is proportional 
to the number of actuators (10 actuators) which are part of the textile and the stroke of the 
textile is similar to the stroke of the single actuator. The C3 actuator demonstrated a 
blocked force around 0.261 N with 3.35% strain (corresponding to free stroke). 
Consequently, the woven textile exhibited a blocked force of 2.81 N and 3.45% maximum 
strain at the thermal equilibrium.  
The force/strain curves of woven textile with 10 actuators and the C3 actutor are 
demonstrated in Figure 4-10 (a). Note that the scale on the right-hand side axis (blue 
color) is 10 times as the scale on the left-hand side axis (black color). The maximum strain 
of woven textile is demonstrating an equal strain as the same length C3 actuator. The 
blocked force of the woven textile is equal to 10 times the blocked force of the C3 actuator. 
By considering the above observations a theoretical estimation for the force and stroke of 
a woven textile can be calculated by taking a parallel arranged actuator structure. As can 
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be seen in Figure 4-9 (b), if the force generated by one actuator is F1 and the number of 
parallel actuators in a textile is nw, the force generated by the woven textile (Fw) is equal 
to the sum of parallel forces given by Eqn. 4-4.  FW= F1*nw     Eqn. 4-4 
The strain of the single actuator (ΔL %) and the strain of the woven textile (ΔLw %) are 
equal. 
A calculated force/strain curve can be plotted by applying the Eqn. 4-4 to calculate the 
force and using same strain as the single C3 actuator. The calculated and experimenta lly 
measured force/strain curves are demonstrated in Figure 4-10 (b) for a comparison. As 
presented in Figure 4-10 (b) the calculated and measured force/strain curves lie close to 
each other.  
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Figure 4-10. The (a) force strain curve of single C3 actuator and the woven textile 
fabricated with 10 C3 actuators (20 mm length), (b) calculated and measured force/strain 
diagram for woven textile (20 mm) 
 
The theoretical estimation of the maximum force generation for the woven textile 
exhibited a 3% accuracy compared to the measured force generation. The estimated value 
for the strain exactly matches with the strain of the actuating textile as clearly presented 
in Figure 4-10 (b). Therefore, it can be concluded that by knowing the force and stroke of 
a single actuator it is possible to predict the force and stroke of a woven textile heated to 
the same temperature in a plain weave fabric as an ideal scenario. In addition, the 
properties of passive yarns such as bending rigidity and fabric construction such as weave 
type can affect in the performance of woven textile. The woven textile structure can be 
used for the force amplification while the stroke remains the same as the single actuator.  
The work output of the woven textile is computed using the same method highlighted in 
section 4.2.7.  
 
The maximum work output per length (WL (max)) of the textile can be calculated using Eqn. 
4-5. 
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WL(max) = WLtex     Eqn. 4-5 
Where W is the work output and Ltex is the length of the textile which is 20 mm. 
The volumetric work output (Wv) of the woven textile can be calculated using Eqn. 4-6. Wv= WVtex      Eqn. 4-6 
Where, Vtex is the volume of the textile.  
Volume is calculated by Eqn. 4-7, V=Ltex*wtex*t    Eqn. 4-7 
= 20 * 23 *3.32 = 1527.2 mm3 
 
From Eqn. 4-2 and Eqn. 4-3, the wtex and t values are 23 mm and 3.32 mm respectively.  
The work output of the woven textile calculated from Eqn. 3-3 
Wtex(max)= 14 * 12 �k´ΔL02� = 14 ∗ 12 (3915.2 ∗ 0.692) 
      = 233.45 µJ 
The stiffness of the woven textile can be calculated from the slop of the force/stroke of 
Figure 4-10 (b) which is 3915.2 mN/mm. 
The calculated work output per length reported for the woven textile is 11.67 mJ/m while 
the work output per length of the uncoated “Type 5” and C3 actuator is around 4.5 mJ/m 
1.08 mJ/m, respectively. The actuating textile with the same length can produce 3-fold 
the work output compared with a single uncoated actuator. Furthermore, the volumetr ic 
work output of the woven textile is 153 J/m3 which is 5 times lesser than the C3 actuator 
due to the additional volume occupied by the weft non active yarns and the gaps in-
between the warp actuators. The gravimetric work capacity of the textile compared to the 
single actuator should be decreased due to the weight of the weft cotton yarn. 
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Therefore, a woven textile can be considered as a material structure which can be 
effectively use in force and per length work output amplifications. 
 
4.3.5 Knitted Textile 
 
The knitting is a textile fabrication method which the textile yarns are connected by 
creating multiple loops of yarns called stitches. There are two types of knitted fabric 
called warp knitted and weft knitted. The most common type of knitting is weft knitting 
in which the rows of stitches are perpendicular to each other as illustrated in Figure 4-12 
(a) and (b). The knitted structures consist of loops; row (horizontal array) of loops ,are 
called as course and column (vertical array) of loops are called as wales as illustrated in 
Figure 4-12 (b). The courses and wales are perpendicular to each other in all knitted 
fabrics. 
A plain knitted textile was also fabricated with C3 actuator with Ltex=10 mm * wtex= 23 
mm. The maximum thickness of the weft knitted textile structure is determined by the 
thickness of the actuators as the cross section illustrated in Figure 4-11 (c). The total 
thickness of the knitted textile is adding up to 2.64 mm given by Eqn. 4-8. 
 
t = (1.32 * 2) = 2.64 mm    Eqn. 4-8 
 
The total length of the actuator used to fabricate the knitted textile was 175 mm. 
The knitted textile structure was also characterised for the force and stroke measurements 
using the tensile testing machine as described in experimental section 4.2.6.  
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Figure 4-11. The knitted textile (a) optical image, (b) the schematic of knitted textile 
describing the courses and wales and (c) cross section of the textile 
 
The wales and courses per inch of a knitted textile can be easily counted by a magnifying 
glass [181]. Hence, for any given area of the fabric the number of wales and courses can 
be calculated. As presented in the below Figure 4-13 (a), the number of courses and wales 
of the tested area of textile was 3 and 7 respectively.  
Therefore, the height (H) and the width (K) of the knitted loop which is illustrated in 
image Figure 4-13 (b) can be calculated by Eqn. 4-9 and Eqn. 4-10 respectively. H= Ltexa      Eqn. 4-9 
 K = 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡
𝑏𝑏
     Eqn. 4-10 
 
Where, the Ltex is the length, wtex is the width of the fabric as defined above, a and b are 
the number of courses and wales respectively in the tested area. 
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If the angle between the knitted loop and the vertical axis is 𝜃𝜃 as shown Figure 4-13 (b), 
the 𝑡𝑡𝑡𝑡𝑡𝑡 𝜃𝜃 can be expressed as in Eqn. 4-11. tan θ = hK/2      Eqn. 4-11 
Where, h = H-D, h is the height of the active part of the knitted loop and D is the diameter 
of the coated actuator. The active length of the knitted loop (lk) can be calculated from 
Eqn. 4-12.  lk= hsinϴ      Eqn. 4-12 
 
As the knitted textile was stretched for 2 mm prior to actuation as illustrated in Figure 4-5 
(b) prior to heating, which is 20% of the unloaded length of 10 mm, the angle between 
knitted loop and horizontal axis is changing to 𝜃𝜃1  as illustrated in Figure 4-13 (c). The 
width of the textile is fixed by the clamp of tensile tester. Therefore, the length of the 
active height of the loop becomes 1.2h. The new angle can be calculated from Eqn. 4-13. tan θ1 = 1.2hK/2  
 
θ1= tan-1 ( 1.2hk/2 )    Eqn. 4-13 
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Figure 4-12. The (a) width of the knitted textile clamped to the tensile tester which is 23 
mm and number of wales and courses within the area of the tested textile, (b) the 
schematic of the knitted textile used for the calculation with dimensions, (c) the 
representation of forces generated by a loop of the knitted textile  
 
The force generated by the actuating knitted textile at the thermal equilibrium is illustrated 
in Figure 4-12 (c). The loop intersecting points of the knitted textile are functioning as 
the locking points. The force generated by the actuating fibre (F1) can be broken down 
into two vector components. The component of the F1 force in the course direction 
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(horizontal direction) in Fig. 4-12(c)) is determined by the knit angle as F1 Cos𝜃𝜃1. This 
force is cancelled off within the loop as the two ‘arms’ of the knitted loop exert equal 
horizontal forces in the two opposite directions. The component of the F1 force in the wale 
direction (vertical in Fig. 4-12(c)) is directly related to the actuation force generated by 
the textile in the lengthwise direction. So, the total force generated by the knitted fabric 
(Fk) is given by Eqn. 4-14.  
The force generated by single loop of the textile = 𝐹𝐹1 ∗ 𝑠𝑠𝑠𝑠𝑡𝑡 𝜃𝜃1 ∗ 2 
As a and b are the number of wales and courses the total force generated by the knitted 
textile in vertical direction (length wise) is given by Eqn. 4-14. Fk=F1* sin θ1 *2*a*b    Eqn. 4-14 
If the force generated by C3 actuator is F, F1 is equal to F.  
The total strain (ΔLk %) of the textile is given by Eqn. 4-15, where θ1 and lk are given by 
Eqn. 4-12 and Eqn. 4-13 respectively. 
∆Lk=lk*∆L%*sin θ1 *b     Eqn. 4-15 
 
The ΔL % is the percentage of length change of a single actuator.  
The Fk and ΔLk have been calculated for the knitted textile using the force/stroke curve 
obtained for C3 actuator. 
The measured and the calculated force and strain diagrams for the knitted textile are 
shown in Figure 4-14 (a). As can be seen in the graph the calculated free stroke of the 
textile lies close to the measured strain with only 0.4% difference and the active or 
blocked force value can be predicted to around 3% accuracy. 
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Figure 4-13. The (a) calculated and measured force/strain diagram for the fabricated 
knitted textile with 3 coures and 7 wales (Ltex =10 mm* wtex =23 mm), (b) force/strain 
curve (c) a comparison of number of wales and courses in (Ltex =20mm * wtex 23 mm) 
knitted textile for force and strain 
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Figure 4-13 (b) shows the Force and strain diagram of single silicone coated C3 actuator 
20 mm length and knitted textile with (Ltex =20 mm* wtex =23 mm). As can be seen in the 
Figure 4-13 (b) the force is amplified compared to the single actuator C3 and the strain of 
the textile exhibited a lower strain than the single actuator. The force is amplified because 
the knitted textile incorporates many actuators in parallel. The stroke is reduced because 
the direction of the actuating fibres is offset from the textile direction in which the stroke 
was measured. Figure 4-14 (c) illustrates the comparison of knitted textiles with different 
wales and courses with the same dimensions of the textile (20 mm * 23 mm). Reducing 
the wales by 50% causes an increase in the loop height according to equation Eqn. 4-9 
and will cause a reduction in the force. In contrast, reducing the courses by 50 % will 
increase the loop width according to Eqn. 4-10 and result in an increase in the force and 
strain of the textile. Therefore, it can be concluded that the wales and courses per unit 
length in an actuating textile can affect the force and strain generation. Nonetheless, the 
knitted textile structure exhibited a lesser strain than a single C3 actuator. 
The work output of the knitted textile is calculated using the method described in section 
4.2.7 . 
The work output of the knitted textile calculated from Eqn. 3-3 Wtex(max)= 14 * 12 �k´ΔL02� = 14 ∗ 12 (34543 ∗ 0.262) 
       = 296.4 µJ 
 
The stiffness of the knitted textile can be calculated from the slop of the force/stroke of 
Figure 4-13 (b) which is 34543 mN/mm. 
The fabricated knitted textile with 3 courses and 7 wales generated 29.6 mJ/m measured 
work output compared to 4.58 mJ/m and 1.08 mJ/m of uncoated and coated actuator, 
respectively. The work output per length of the knitted textile is 6 times higher than the 
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uncoated actuator. The volumetric work output of the knitted textile structure is 488 J/m3. 
The volumetric work output of the textile is lower than the coated and uncoated single 
actuators due to the additional volume occupied by the porosity of the textile. The 
gravimetric work capacity also should be lower than the single actuator due to the actuator 
portion which are not contributing to the force or the strain generation. Due to the 
supporting passive part incorporated in the actuating knitted textile as shown in Figure 
4-4 (b) and the additional length used in woven textile for characterization purposes, it 
was unable to compute a reliable value for the gravimetric work output of the both textiles. 
 The knitted textile with same length and width exhibit a higher force and work output 
than the woven textile. In contrast a knitted textile is exhibiting a lower strain than the 
single actuator component.  
 
4.4 Conclusion 
 
Electrical insulation was developed for the conductive actuators described in the previous 
chapter. The insulation coating decreases the performance of the conductive actuator. 
Increasing the coating thickness negatively affected the force and strain of the actuator 
which reduces the work output at least by 30%.  
However, the silicone coating permits the fibre to be incorporated into a textile structure 
which amplified the force and work outputs. Another highlighted advantage of the 
silicone coating is that it may perform as a thermal insulator. Therefore, there is a 
possibility to use this property positively for a practical application. Moreover, as 
described in detail if the actuator is heated to the thermal equilibrium the silicone coating 
leads the actuator to be heated to higher temperature than the uncoated actuator achieving 
23% increased efficiency values.  
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This chapter described a new experimental method for characterising the actuating textile 
with modelling technique to predetermine the force and strain of a textile which has not 
been reported in the literature to date.  
 As fabricated knitted textile demonstrated a higher performance than the woven textile 
exhibiting 488 J/m3 work output exhibiting a higher force than a woven textile with same 
length and width. The performance parameters of knitted textile are dependent on the 
number of courses and wales incorporated in the structure as shown in Figure 4-13 (c). 
However, the modelling of force and strain generation of both textiles will enable the 
researchers to determine the parameters for fabricating actuating textiles. 
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Chapter 5  
Characterisation of Conductive Multifilament and Multiply 
Yarn Actuators 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
135 
 
5.1 Introduction 
 
A comprehensive analysis of actuating textile was presented in Chapter 4 using a Silver 
Coated Nylon (SCN) ply yarn that was twisted and coiled. It is not known whether this 
actuator geometry is optimal for generating the maximum mechanical work output. 
Consequently, a further study was carried out with the objective of investigating the effect 
of different actuator configurations on the actuation performance, with the actuators 
obtained by plying different numbers of yarns together. Previous studies have employed 
two ply yarn actuators. However, a comparative analysis has yet to be presented to 
describe the effect of increasing number of plied yarns for force/stroke measurements 
[182, 183].  
 
5.2 Materials and Methods 
 
5.2.1 Actuator Preparation 
 
The actuator coils were fabricated by twisting two or more individual multifilament yarns 
or fibres to form coiled actuators. The multifilament yarns and monofilament fishing lines 
were used as precursor fibres in this study. SCN yarn which was used in previous studies 
was used here as a conductive material. Commercially available 0.3 mm nylon fishing 
line was used as monofilament fibre. The lengths of nylon yarns were cut off from the 
spool and the ends of those yarns were tied to metallic paper clips. One end of the yarn 
bundle was attached to a power drill and a weight was hung off the other end so that the 
fibres were held in tension, but the weight end was prevented from rotating. The actuators 
were fabricated using the same method as described in Chapter 3 section3.2.1. 
In the first phase of this study, the actuator coils were fabricated using multi-ply SCN 
yarns. Each individual SCN yarn as supplied consist of four S twist individual plies 
twisted together to form a 4-ply Z twist final yarn that gives a mechanically balanced 
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structure. Test samples were fabricated by additional plying 3, 4, 5, 6, 7 and 9 of the 4-
ply SCN yarns together. The yarns were S-twisted and coiled under 6 MPa stress and the 
stress was controlled by applying sufficient weight based on the total cross-sectional area 
obtained as the sum of the individual yarns. The twisted and coiled samples were annealed 
in two stages at 180 °C for 1 hr in each stage with extension of 8% and 50% with respect 
to the initial length. The coil geometries retained the dimensions after annealing in both 
conditions.  
The second phase of the study was further extended to analyses the reasons for the 
observed difference in actuation performance of the multi-ply SCN coiled yarns. To aid 
understanding, multi-ply coiled actuators were also prepared using monofilament nylon 
precursor fibres. Samples with 2 and 6 monofilaments of 0.3 mm diameter were plied to 
form Z twist under 34 MPa to fabricate plied fibres and coils. The samples were annealed 
at 180°C for 1 hr with 8% extension followed by 180°C for 1 hr with 50% extension based 
on the initial length. Next, the 2 and 6 plied monofilament coiled muscles were wrapped 
with a thin Cu conductor with a diameter of 78 µm which is similar to the electrical 
heating method of coils described in the literature [19]. All the test samples were prepared 
by connecting to the crimps as shown in Figure 5-1 with electrical connections using thin 
Cu wires and is the same as the method of sample preparation described in Chapter 3, 
section 3.2.1 with an initial length of 20 mm. 
The conductive twisted fibres were prepared for torsional actuation tests by inserting twist 
to the onset of coiling. These twisted samples were 40 mm in length and made from the 
same precursor fibres using the same method above. The twisted actuators were also 
prepared using SCN 3, 6, 9 yarns and monofilament 2, 6 yarns as shown in Figure 5-2. 
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Figure 5-1.The prepared sample (a) monofilament nylon 2 plied actuators with over-
wrapped copper wire, (b) multifilament SCN 6 plied actuator, (a1) crimps, (a2) actuator,.  
. 
 
Figure 5-2. The prepared twisted sample (a) Plied yarn, a1-crimps use to attach the 
actuator to test equipment, a2-the actuator, (b) magnified view of electrical connection, 
b1- the electrical connection with Cu wire  
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The twist inserted (T0) for the fabrication of samples per unit of twisted fibre length are 
presented in Table 5-1.  
 
Table 5-1. The table of inserted initial twist for samples fabricated from SCN and 
monofilament precursor fibres 
Raw Material Number of Yarns Number of Twist inserted (T0)/mm 
  3 0.87 
SCN 6 0.61 
  9 0.50 
Monofilament 2 0.8 
  6 0.43 
 
5.2.2 Geometrical Analysis 
 
The actuation of coiled actuators is highly dependent on the coil geometries. Therefore, 
optical images were captured using (model LEICA M205 A) optical microscope to 
characterise the coil geometries of various samples. The captured optical images of coils 
were measured before and during the actuation using the “GeoGebra” mathematics 
program which is an interactive geometry software.  
 
5.2.3 Tensile Actuation Measurements 
 
The tensile actuation and the data analysis of the multi plied yarn were conducted as per 
the experimental procedure described in Chapter 3, section 3.2.6. 
 
5.2.4 Torsional Actuation Measurements 
 
The torsional actuation of selected plied yarns were measured by applying 20 µN.m init ia l 
torque using the apparatus and method described by Aziz et al [184]. As can be seen in 
the Figure 5-3, one end of the twisted fibre (c1) was attached to a rotating shaft (b2) which 
was connected to the lever arm machine (a1, a2, a3) to monitor the torsional displacement 
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while the other end was tethered to a fixed shaft (b3). Then the samples were heated 
electrically with the power source (b4) with electrical connections (c2) and temperature 
was monitored by the thermal camera (b1). 
 
Figure 5-3. The (a) experimental set up used for the torsional actuation measurement, a1, 
a2 and a3–lever arm machine, (b) magnified view of, b1- thermographic camera, b2- 
rotating shaft, b3- fixed shaft, b4- power source, (c) magnified view of c1- sample, c2- 
electrical connection 
 
5.3 Results and Discussion 
 
5.3.1  Heating and Stroke Measurements of SCN Actuators 
 
The accurate and even heating of the fibre is an important aspect of characterising the 
actuator performance as described in Chapter 3. To assess the uniformity of heating of 
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the multi-plied yarns, the monofilament 6 plied yarn actuator was monitored during 
heating with a thermal imaging camera. Figure 5-4 (a) and (b) show screen shots of the 
fibre heating. Figure 5-4 (a) shows the even heating of two areas shown as rectangles over 
the image of 20 mm coiled sample. The temperature of area 1 and area 2 lies very close 
to each other in the temperature time diagram. Therefore, it can be concluded that the 
predetermined temperature can be monitored and maintained evenly and consistently for 
multiply yarns as well. 
 
 
Figure 5-4. The thermal images of monofilament 6 plied SCN yarn wrapped with thin 
Cu wire (a) the two areas monitored for heating of the fibre over time, (b) fibre heating 
to 70 ˚C. 
 
In the initial phase of the study, commercially available multifilament SCN yarns were 
tested by plying 3, 4, 5, 7 and 9 strands. The fibres were heated to 70°C after first applying 
50 mN initial force to ensure the samples were straight.  
As can be seen in Figure 5-5 the temperature and force data were plotted against time to 
obtain force and the actuation stroke measurement. Figure 5-5 (a) shows that the fibre 
reached its equilibrium blocked force and temperature during 100 sec when the electric 
power was on. The temperature could then be maintained in a narrow range by 
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maintaining the input electrical power. After the force reached equilibrium, the force was 
reduced to the initial set force by reducing the sample length and then reloaded to the 
initial length to obtain the active force (force generated when the actuator is changing 
length) and respective stroke curves. 
 
Figure 5-5. (a) The force/temperature curve against the time for simultaneous monitor ing 
of two variables, (b) the loading and unloading curves of SCN 3 plied actuator for 
consecutive 1st, 2nd, 3rd and 4th cycles 
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As presented in Figure 5-5 (b) the 1st force/strain cycle is demonstrating a deviation from 
other three consecutive cycles. This difference may be due to the rearranging of the yarns 
within the twisted ply and was considered as the training cycle. Due to the consistency of 
repeated cycles, the 3rd loading and unloading cycle will be further considered for the 
analysis of multiply yarns as done for the actuator analysis in Chapter 3 section 903.3.5.2.  
The 3rd force/strain cycle of all SCN multi-ply samples are presented in Figure 5-6 (a) 
where it is seen that both the force and free stroke values decrease with an increasing 
number of yarns used to prepare the multi-ply samples. The blocked force values are 
shown in Figure 5-6 (b) and the active force values reduce by almost a factor of 2 as the 
number of plies increases from 3 to 9. The blocked force is determined by both the 
actuator’s free stroke and its stiffness in the activated state as per the Eqn. 5-1.  F=k.x      Eqn. 5-1 
The decrease in blocked force by 46% when comparing 3 and 9-plied yarns can be due to 
the decreasing stroke of the higher ply yarns as presented in Figure 5-6 (c). The stroke 
decreases by 62% when comparing the 9 ply yarn with the 3 ply yarn. This decrease is 
slightly larger than the decrease in blocked force. The stiffness of the plied yarns in the 
heated state can be estimated from the slopes of the force-stroke curves shown in Figure 
5-6 (b). The 9 ply yarn appears slightly stiffer than the remaining samples and this 
increased stiffness of the 9 ply yarn likely accounts for the slightly higher than expected 
blocked force. 
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Figure 5-6. Actuation performance of different multiply actuators prepared from SCN 3, 
4, 5, 7 and 9 plied yarns: (a) Force/strain curves, (b) blocked force, (c) free strain of 
actuators against the number of yarns 
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5.3.2 Geometrical Analysis 
 
The coiled actuators were observed with an optical camera and captured images were 
analysed in detail for coil diameter, bias angle and coil pitch. The optical images of 
actuators fabricated from SCN 3, 6 and 9 yarns are presented in Figure 5-7 (a), (b) and 
(c), respectively. To measure the bias angle two lines were drawn parallel to the coil axis 
and the bias angle was measured with respect to the axis as can be seen in Figure 5-7. The 
coil diameter and the twisted fibre diameter was also measured from the coil geometry 
and the pitch (P) was calculated for the extended coil using Eqn. 5-2. P= LN      Eqn. 5-2 
Where N is the number of coils turns in length L of the actuator. 
 
The same measurements for the twisted 0.3 mm monofilament 2 and 6 yarns actuators 
were also obtained as can be seen in Figure 5-7 (d) and (e). All the geometrical data is 
presented in Table 5-2. 
Table 5-2. The coil geometries of actuators fabricated from SCN and Nylon 
monofilament extended samples 
 
Type of 
Yarn 
Number 
of Yarn 
Plied 
Coil 
Diameter 
(outer) (mm) 
Twisted Fibre 
Diameter 
(mm) 
Bias 
Angle 
(˚) 
Pitch 
(mm) 
Fibre 
twist 
(Turns/ 
mm) 
Twisted 
Fibre 
Length(m
m)/20mm 
SCN 
3 1.49 0.81 55.5 1.02 0.98 44.0 
6 1.98 1.06 54 1.43 0.70 42.8 
9 2.05 1.08 54.5 1.47 0.68 43.3 
Mono-
filament 
2 1.07 0.58 60.5 1.07 0.93 31.2 
6 1.65 1.05 59 1.45 0.69 29.3 
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Figure 5-7. The optical images of multiply coiled actuators (a) 3 plied SCN, (b) 6 plied 
SCN, (c) 9 plied SCN and (d) 2 plied monofilament (e) 6 plied monofilament (all the 
letters in the images are added for the purpose of analysis) 
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As presented in Table 5-2 the bias angles for the extended coil are similar for samples 
made from SCN yarns at ~55o. Samples prepared by plying the monofilament nylon gave 
bias angles of ~60o. As the number of yarns increased in the ply, so did the diameter of 
the twisted fibre and the diameter of the coil. The coil pitch decreased with an increasing 
number of plies in the sample. The amount of twist inserted into the fibre also decreased 
as more yarns were plied together.  
 
5.3.3 Validity of Spring Mechanics Equation for Multiply Yarn Actuation 
 
5.3.3.1 Torsional Actuation of SCN yarns 
 
To apply the spring mechanics theory for the multiple yarn actuators torsional actuation 
was measured using the experiment described in section 5.2.4. The torsional actuation 
results are shown in Figure 5-8 (a) for 3, 6 and 9 plied yarns. As can be seen in Figure 5-8 
(a), the torsional actuation is reduced when the number of yarns in the ply increases. The 
measured torsional actuation stroke decreased by 20% when comparing the 9-ply yarn 
with the 3-ply yarn. As can be seen in Figure 5-8 (b) the amount of twist required for 
coiling (critical twist) also decreased with an increasing number of yarns in the ply. The 
untwisting of a twisted yarn during actuation is proportional to the twist inserted into the 
yarn as shown in Eqn. 5-3 [179]. With less inserted twist the torsional actuation of yarns 
is expected to decrease with the increasing number of plies in the yarn. 
∆T=CT0     Eqn. 5-3 
Where, ∆T = the yarn untwist during heating, To = the initial twist of the yarn and C = 
Constant. 
 
Previous work has shown that the torsional actuation of twisted monofilament fibres agree 
with the Eqn. 5-3 such that the ratio between the fibre untwist during actuation to the 
initial twist of the fibre was a constant value [178, 179]. As can be seen in Figure 5-8 (c) 
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the multiple yarns do not show the same agreement with Eqn. 5-3. The ratio of torsional 
stroke to inserted twist increased slightly from 0.6% to 0.8% with the increase of number 
of plies from 3 to 9.  
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Figure 5-8. The (a) torsional actuation results for SCN 3, 6 and 9 plied yarns, (b) init ia l 
twist inserted to the yarns, (c) the ratio between the untwist and the initial twist of the 
SCN yarns heated to 70 °C 
 
5.3.3.2 Tensile Actuation of Monofilament Plied Yarns  
 
To further investigate the root cause of reduced actuator output in higher ply yarns, the 
same experiments were carried out with plies made from nylon monofilament. Actuation 
measurements were performed by heating the samples to different temperatures 50°C, 
70°C and 90°C. The actuation force and stroke curves of 2 and 6 plied actuators are shown 
in Figure 5-9. As can be seen in Figure 5-9 (a), (b) and (c) the 2-ply actuator exhibited 
the higher force and stroke values compared to 6-ply actuator at all the temperatures.  
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Figure 5-9. The force/strain curves of 2-ply and 6-ply monofilament yarn actuators 
heated to, (a) 50°C, (b) 70°C, (c) 90°C. 
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The blocked forces of the monofilament plied actuators are shown in Figure 5-10. The 
graph shows that the blocked force increased with temperature while there was a decrease 
in force generated with the increased number of plies in the yarns. The 6 plied yarns 
exhibited a lower blocked force compared with 2 plied yarns when heated to different 
temperatures of 50°C, 70°C and 90°C. 
 
Figure 5-10. The force of developed by monofilament plied yarn actuators. All the 
samples had the same initial starting length of 20 mm. 
 
5.3.3.3 Torsional Actuation of Monofilament Plied Yarns 
 
The torsional actuation of monofilament plied yarns was tested by heating the samples to 
temperatures of 50°C, 70°C and 90°C. The torsional actuation of the samples increased 
with the increasing temperature due to more untwisting occurring in the plied yarns as 
can be seen in Figure 5-11 (a). The torsional actuation of the 6 plied yarns was lower at 
all temperatures when compared to the 2 plied yarns. As with the plied SCN yarns, the 
maximum twist that could be inserted without coiling in the plied monofilament samples 
decreased with the increasing number of yarns in the ply which are 0.8 turns/mm and 0.43 
turns/mm, respectively, for 2 and 6-ply yarns. The decreased inserted twist resulted in a 
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lower torsional actuation in the 6 plied actuators compared to the 2 plied. Further, as 
demonstrated in Figure 5-11 (b), the ratios between untwist during heating and init ia l 
twist of the yarns increased with the number of yarns for a given heating temperature. 
The difference between the ratios of 2 and 6 plied yarns increased with the increasing 
temperature which does not comply with the Eqn. 5-3. 
 
Figure 5-11. (a) The torsional actuation results for the 2-ply and 6-ply yarns, (b) ratio 
between untwist and the initial twist of the actuators heating to 50°C, 70°C and 90°C 
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5.3.3.4 Validity of Spring Mechanics Equation for plied yarn actuators 
 
The spring mechanics equation (Eqn. 5-4) can be used to estimate the tensile actuation of 
a coil based on the measured change in the twist during heating.  
∆T= N∆Ll2        Eqn. 5-4 
 
Where, ∆L is the change in length of the coiled sample during actuation, l is the twisted 
fibre length and N is the number of turns in the coil. The coil geometries are given in 
Table 5-2.  
The calculated and measured strain values for both SCN and monofilament actuators are 
compared in Figure 5-12. As can be seen in Figure 5-12 (a) the calculated strain values 
were different and higher than the measured values for SCN plied yarns. The maximum 
deviation was observed with the actuator with highest number of plied yarns (9-ply) with 
74% difference between calculated and measured values normalised to the calculated 
strain. 
The tensile actuation of the 2 and 6 plied monofilament yarns are indicated in Figure 5-12 
(b). A reasonable agreement was found between the measured and calculated strokes in 6 
plied yarns. However, the calculated values for the 2-ply yarn were significantly lower 
than the measured strains. This behavior of monofilament plied yarn actuators shows two 
differences to that observed in the plied SCN actuators: (1) the measured strain values of 
2-ply monofilament actuators exhibited higher values than the calculated while in the 
SCN plied actuators all the calculated values exhibited a higher strain values than 
measured; (2) the monofilament actuator fabricated with lower number of yarns (2-ply) 
shows the highest deviation between measured and calculated strain while the SCN 
actuators with higher number of yarns (9-ply) exhibited the highest deviation.  
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Figure 5-12. The calculated and measured strain percentage of (a) SCN actuators against 
the number of yarns in the ply heated to 70°C, (b) monofilament actuators with different 
number of yarns in the plies heated to 50°C, 70°C and 90°C 
 
The above analysis justifies that the multiple yarns does not comply with the spring 
mechanics theory of Eqn. 5-4. Therefore, it can be assumed that in addition to the 
untwisting of the fibres a dimensional or a structural change of the coil is taking place 
upon thermal heating of the twisted multiple ply yarn actuators. These additiona l 
processes can significantly affect the actuation strain, but the exact mechanisms are not 
known at this time and are examined in more detail in the next section. 
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5.3.4 The Length Change During Heating of Twisted Fibre 
 
The basis on understanding the relationship of torsional and linear actuation described in 
the spring mechanics theory represented by Eqn. 5-4 assumes that the twisted fibre length 
(l) is constant during heating. This assumption was tested by heating SCN plied yarns to 
70°C and monofilament yarns to 50°C, 60°C and 70°C. These samples were twisted up 
to the critical twist but not coiled. A length change was observed in most of the yarns and 
results are presented in Figure 5-13 (a) and (b) for twisted monofilament yarns and SCN 
yarns, respectively.  
As presented in Figure 5-13 (a) the monofilament yarns heated to 50°C exhibited a 
lengthwise expansion which agrees with the study reported previously [185]. The 2 plied 
monofilament yarns show a strong dependency of axial length change with the 
temperature. Moreover, the 2-ply actuator displayed a lengthwise contraction when 
heated to 70°C and 90°C. In contrast, the axial length change of 6-ply monofilament yarn 
did not strongly depend on temperature and a small expansion occurred at 50°C and 70°C 
and exhibited a negligible length change at 90°C. The SCN yarns showed a complex 
behavior as 3-ply and 6-ply twisted yarns were contracting, but the 9-ply was expanding. 
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Figure 5-13. The axial strain of (a) monofilament yarns heating to different temperatures 
(50°C, 70°C and 90°C) (b) SCN yarns heating to 70°C 
 
The above results show that the assumption made in spring mechanics equation (Eqn. 
5-2) which assumes there is no length change of the twisted fibres is not always factual 
for the plied yarn actuators. The coiled actuators fabricated with 6-ply monofilament 
yarns only agreed with the assumption, which accounts for the good agreement of the 
calculated and measured strain values as described in section 5.3.4.4 (Figure 5-12 (b)). 
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The section 5.3.5 will present a mathematical model to determine how the length change 
of the twisted fibres can affect the actuator performance. 
 
5.3.5 Mathematical Modelling -Length Change of Twisted Fibre 
 
The lengthwise expansion or the contraction of the twisted fibres can also be analysed by 
using the single helix model. As illustrated in Figure 5-14 (a), if the helix diameter of the 
twisted fibre is dp and each fibre forms helices with the same string length ls, number of 
turns n, then the length of the twisted ply length is lp, and the ply helix angle is ∝𝑝𝑝. Table 
3-3 shows the interpretation of λ values which are the ratios between the dimensions of 
the plied yarns after and before heating. All the notations with slash (ˈ) indicating the 
dimensions after heating. Since the samples were clamped at both ends during heating, 
the number of turns in the helix (n) does not change. 
 
Table 5-3. Interpretation of λ values used to derive equations for plied yarns 
 
 
 
 
Parameter Interpretation 
 λd dˈp/dp 
λp lˈp/lp 
λs lˈs/ls 
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Figure 5-14. The image illustrating the geometry of measurements (a) monofilament (b) 
SCN twisted yarns, the triangle expression of the helix model for (c) unheated and (d) 
heated states. 
 
According to Pythagoras Theorem, 
 ls2 =lp2 +π2n2dp2  
 ls'2 =l'p2+π2n2d'p2 
 
π2n2= �ls 2 -lp2�dp2 = λs2ls2 -λp2lp2λd2dp2  
 
λp= �λs2 ls2-λd2 �ls2-lp2��1/2lp  Eqn. 5-5 
The linear contraction or the expansion can be explained by three different theoretical 
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scenarios described below. 
Scenario 1 describes the expansion of the length of the twisted multi-ply yarn so, 
λp>1 
From Eqn. 5-5 
�λs2 ls2-λd2  �ls2-lp2��lp 2  >1 
�ls2 �λs2-λd2�+λd2 lp2�lp2 > 1 
𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼 = 𝑙𝑙𝑝𝑝
𝑙𝑙𝑠𝑠
 
Therefore, 
𝑠𝑠𝑠𝑠𝑐𝑐2 ∝𝑝𝑝 (𝜆𝜆𝑠𝑠2 − 𝜆𝜆𝑑𝑑2 ) + 𝜆𝜆𝑑𝑑2 >1 
 
Due to the radial expansion of the polymer fibres by heating λd >1 and cosα > 0, which 
means: 
 
𝑠𝑠𝑠𝑠𝑐𝑐2 ∝𝑝𝑝 (𝜆𝜆𝑠𝑠2 − 𝜆𝜆𝑑𝑑2 ) > 0 
 
�λs2-λd2� > 0 
 
λs >λd  
This result means that the length expansion takes place when the ratio of the length change 
of the fibres (𝜆𝜆𝑠𝑠 ) is greater than the ratio of diameter change (𝜆𝜆𝑑𝑑 ).  
The 2nd scenario can be described when 𝜆𝜆𝑠𝑠 < 𝜆𝜆𝑑𝑑  and the 3rd scenario there is no effect 
in the twist structure when λs=λd . 
When the plied yarns are heated there are two incidents which are possible to take place. 
Firstly, the plied yarns could un-ply (untwist) and the radial expansion due to the un-
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twisting leads a length wise contraction. In comparison with the twisted single filament 
yarn the plied yarns differ with a property as there is a possibility of yarn movements 
within the ply with respect to each other.  
As described in section 5.3.3.1 the number of twists required for coiling (critical twist) 
decreased with the increasing number of yarns. Therefore, the plies with higher number 
of yarns have a low cohesion or interconnection between yarns due to lower twist. When 
they are heated, the plies with higher number of yarns slide over each other due to the low 
cohesion and can show a lengthwise expansion overtaking the contraction that happens 
due to the radial expansion of the yarns. 
 
5.3.6 The Effect of Length Change of the Fibres on the Linear Actuation 
 
The contribution of the fibre contraction to the coil actuation was not analysed in the 
research reported to date. The total length change of the actuators can be expressed as a 
combination of the length change due to fibre untwist and shortening of the plied fibre 
length. So far, the total change of the coil was analysed in relation with the fibre untwist 
with spring mechanics equation. This section will present the effect of ply length change 
(λp), ply diameter change (λd) and coil diameter change (λD) to the total change in the coil 
length. 
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Figure 5-15. The image illustrating the geometry of measurements (a) SCN (b) 
monofilament plied yarn actuators, the triangle expression of the helix model for c) 
unheated and d) heated states 
 
As illustrated in Figure 5-15 (a) and (b), the diameter of the coil is denoted by D, length 
of the coil is L, twisted ply diameter is dp, coil helix angle is ∝𝑐𝑐  and twisted ply length is 
lp, and number of turns in the coil is N. Table 5-4 shows the interpretation of λ values 
which are the ratios between the dimensions of coils after and before heating. All the 
notations with slash (ˈ) indicating the dimensions after heating.  
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Table 5-4. Interpretation of λ values used to derive equations for coiled actuators 
 
 
 
As there is no end rotation it can be considered that N is a constant. 
According to Pythagoras Theorem, 
 
𝜆𝜆𝐿𝐿
2 = 𝜆𝜆𝑝𝑝2 + 𝜋𝜋2𝑁𝑁2[𝜆𝜆𝑝𝑝2 (𝐷𝐷−𝑑𝑑𝑝𝑝)2−�𝜆𝜆𝐷𝐷𝐷𝐷−𝜆𝜆𝑑𝑑𝑑𝑑𝑝𝑝�2𝐿𝐿2 ]      Eqn. 5-6 
 
As per Eqn. 5-6, the diameter change of the ply and coil can both affect the coil length 
change λL. 
 
 
Figure 5-16.The optical images of coil samples analysis using GeoGebra Math App (a) 
unheated, (b) heated and (c), (d) the method of analysis 
 
Optical images were captured during the actuation of the coil. The coil was attached to 
the lever arm which was operated under isotonic mode. As can be seen in Figure 5-16 (a) 
and (b) when the coil was heated the point A (shown as a yellow dot) contracted to point 
Parameter Interpretation 
 λd dˈp/dp 
λp lˈp/lp 
λL Lˈ/L 
λD Dˈ/D 
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B denoted as a green dot. To do the analysis both point “A” and “B” were aligned in a 
same vertical line as can be seen in Figure 5-16 (c) and (d). The above procedure was 
followed as the diameter of the plied yarns are not exhibiting an even outer surface as can 
be seen in Figure 5-14 (a) and (b). Therefore, an accurate measurement can be obtained 
by tracking the same individual turn as illustrated in the Figure 5-16 (c) and (d). As an 
example, diameters of same coils were measured before and after heating which are 
designated as “coil 1” and “coil 2” and the respective diameter change was calculated. 
The diameter changes of the coil determined with the optical analysis was observed as 
negligible. Hence it was difficult to obtain a measured value for λD and λd..  
Therefore, a theoretical analysis was performed to study the effect of length change of 
coil in three scenarios. The first scenario is aimed to analyze the impact of the length 
change of the ply (λp) to the strain of the coil, where λd = 1, and λD = 1 substituting values 
in Eqn. 5-6.  
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Figure 5-17. The (a) calculated length change of the coil as a function of λp for SCN 3-
ply actuator where λd = 1, and λD = 1, (b) the effect of changing the ply diameter (λd) to 
the coiled length was studied where λD =1 and λs = measured values, (c) effect of coil 
diameter change (λD) to the length change of the actuator where λd=1 and λs = measured 
values. 
 
As can be seen in Figure 5-17 (a), the change in the ply length is strongly contributing to 
the strain of the actuator. The contraction of the SCN plied length (λp= 0.999), caused a 
contraction to the actuator while the expansion of the plied length (λp=1.003) caused an 
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expansion to the coiled actuator for the substituted values, with the theoretical assumption 
of zero diameter change of the fibre and coil. Therefore, it can be concluded the ply length 
change observed for the actuators may affect the actuator force and stroke generation.  
As the second scenario, the relationship between the ply diameter change (λd) to the coiled 
length was studied where λD =1 and λs was taken as the measured strain of the plied yarn. 
The values were substituted in Eqn. 5-6 to obtain Figure 5-17 (b). As shown in Figure 
5-17 (b), the length change of the coil is not largely impacted by λd. 
But, the actuator with higher number of yarns (9 yarns) showing a lengthwise expansion 
for the substituted values and the actuator with 3 yarns shows a lengthwise contraction 
with the theoretical assumption of zero change to the diameter of the coil.  
The third scenario discusses the effect of coil diameter change (λD) to the length change 
of the actuator where λd=1 and λs was taken as the measured strain of the plied yarn. 
Figure 5-17 (c) was obtained by substituting values to the Eqn. 5-6. As illustrated in 
Figure 5-17 (c) the strain of the coil is effected by the coil diameter change. The actuator 
with higher number of yarns (9 ply) have a lesser strain than the actuator fabricated with 
3 ply for the respective coil diameter changes.  
Even though above three scenarios were considered to understand the effect of individua l 
dimensional change to the strains of actuators with theoretical assumptions, in the 
practical scenario the ply length, ply diameter and coil diameter (λs, λd and λP) can change 
simultaneously. 
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Figure 5-18. Calculated length change of the coil (%) as a function of λD for 3 and 9 
SCN yarns 
 
As presented in Figure 5-18 the 3-ply SCN actuator which exhibited a lengthwise 
contraction (λp= 0.999) demonstrated a higher actuation than the 9-ply actuator which 
shows a lengthwise expansion (λp=1.003) with the measured values of -1.95 % and -0.8% 
for 3 and 9 ply actuators respectively due to the dimensional changes of the fibre. The 
diameter changes of the coil and ply are difficult to observe or measure as they are only 
limited to the 3rd or 4th decimal places.  
Therefore, it can be concluded that there is a significant effect of the dimensional changes 
of the fibre on the multiple yarn actuator strain which is exaggerated by the plied length 
change and coil diameter change. 
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5.4 Conclusion 
 
The experimental studies have clearly demonstrated that increasing number of plies in the 
actuators will not increase the strain or the active force which will improve the 
performance of actuating textile or any other practical application. 
As key findings it can be concluded that the ratio between the fibres untwists and the 
initial twist is not a constant value for plied yarns which is presented in Figure 5-8 (c) and 
Figure 5-11.(b). This is deviating from model created for the monofilament with the 
assumption of the twisted fibre length remains same during heating which is presented in 
Eqn.5-3. Further, a minor percentage of change in the ply and the coil diameters are 
creating a major impact to the change in the length of the coil. Therefore, it is not only 
the change in the plied fibre length which is measurable but also the unmeasurable ply 
diameter and coil diameter changes are having a considerable impact on the plied fibre 
actuators performance. 
Actuators fabricated with multiple yarns have very complex structure. Therefore, it is 
difficult to accurately determine or predict the value for length change occur. The above 
calculations and models predict that each yarn in the ply follows the same pitch and 
helical path creating same helix angle to reduce the calculation complexity. On the 
contrary, a model presenting the helical structure of the multiplied yarns presented, that 
the core of the helix lay straight without following the helical path [186]. Therefore, the 
yarn in between the core and the outer layer of the plied yarn may not follow the same 
helix angle which is a complex phenomenon in theoretical studies of the plied yarn 
actuation.  
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Chapter 6  
Fabrication and Characterisation of Artificial Heart Muscle 
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6.1 Introduction 
 
The biomedical sector has been progressed to improve the quality of life and to expand 
the life expectancy of patients. Heart transplantation is amongst the major surgical 
procedures of organ replacement. There are around 5000 heart transplantations performed 
in over 300 countries each year worldwide [187-189]. Furthermore, there are 250,000 
deaths reported annually in the United States with 900,000 hospitalisations due to heart 
failure [190-193]. In contrast, it has been estimated that over 60,000 patients in the United 
States can benefit from heart transplantation [194]. The critical shortage of this organ has 
led many researchers to explore artificial devices that can assist these heart patients 
temporarily until a transplantation takes place.  
“Artificial Heart”, is a mechanical device which is being continuously improved in 
performance with technology advancements [190, 195, 196]. Artificial hearts reported to 
date use mechanical circulatory systems operated by pneumatic [197], hydraulic [198], 
electromagnetic [199, 200] and electro-hydraulic systems [201]. Furthermore, artific ia l 
hearts or the ventricular assist devices use rigid components made from metals or plastic 
which are unsuitable for use in some heart patients due to the size limitations [202, 203]. 
Moreover, reviewers emphasised the importance of miniaturising, speed modulating, total 
implantability and increasing the pulsatility of artificial hearts [195]. In addition to 
research on artificial heart devices many researchers have attempted to investigate 
implantable artificial cardiac patches as a treatment for heart patients with heart muscle 
weaknesses [204, 205].  
The invention of polymer actuator technology introduced promising materials as artific ia l 
muscles which are exhibiting human muscle like performance [17]. Many fundamenta l 
studies of artificial muscles have been carried out over many years, but little research has 
been conducted to date to investigate the possibility of using these actuator materials in 
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human organs [206]. Artificial muscles may need further refinements to be successfully 
used in artificial organs. The material architecture, operating method, and performance 
are some of the major parameters influencing the compatibility of the device. A fair 
modelling and comparison approach of artificial heart device and the natural heart will 
assist the researchers to work on future designs with optimised parameters.  
The present study introduces a new artificial heart muscle that may provide an improved 
power system by miniaturisation and may open new avenues in implantable artific ia l 
cardiac patches upon enhancements for clinical trials. Further, calculation techniques 
presented in this chapter will enable future modelling of artificial heart devices. 
 
6.2 Materials and Methods 
 
6.2.1 Individual Muscle Filaments 
 
The natural cardiac muscles consist of number of muscle filaments which are actin and 
myosin. The contraction and relaxation of cardiac muscle take place by sliding of those 
filaments to provide necessary movements [207, 208]. The fabricated artificial heart 
muscle (AHM) also consists of individual actuator filaments. These actuator filaments 
were fabricated by coating silicone (provided by Smooth-On Inc.) around a coiled fibre 
made out of electrically conductive silver coated nylon (SCN), as shown in the optical 
image (Figure 6-1). The silicone coating acts as an electrical and thermal insulator as 
explained in Chapter 4, section 4.2.2. 
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Figure 6-1. The optical image of silicon coated conductive actuator with (C2) with 0.3 
mm coating thickness and with 1.13 mm total diameter 
 
The silicone coated actuator (C2) with 0.3 mm coating thickness was further characterised 
for the force and the strain measurements as described in Chapter 4, section 4.2.4, to be 
used as the building components of AHM.  
 
6.2.2 Fabrication of Artificial Heart Muscle  
 
The AHM was fabricated by considering various factors. In addition to force generation 
as the primary function of muscles, other properties such as flexibility and total weight 
were also taken into account for the design of AHM. Interconnecting the actuators within 
the AHM was achieved with soft silicone highly elastic material which does not exceed 
the stiffness of the single actuators and therefore minimizes the effect of the guest material 
on actuator performance. Further, the smooth surface of the heart muscle, easy of 
fabrication and handling are some of the other advantages of using silicone as an 
interconnecting material. 
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Figure 6-2. Photograph of the developed of sample 1, (a) the actuators arranged in a shape 
of a braded textile, a1-SCN actuators, a2-supporting cylinder, (b) the silicone coated 
artificial heart structure, (c) magnifying view of artificial heart structure, (c1) silicone 
material 
 
The AHM- sample 1 was fabricated using the actuators arranged in a pattern of a braided 
textile structure as can be seen in Figure 6-2 (a) and (b). As presented in magnified view 
of Figure 6-2 (c), the silicone (c1) connects the single actuator filaments to form the 
muscle structure. 
As described in Chapter 4 the parallel arrangement of fibres enhances the force generation 
when a continuous actuator arrangement was used while retaining the strain. Therefore, 
to fabricate a heart sleeve, a long actuator fibre was wrapped around a cylinder. The coils 
were wrapped very close to each other with ten circumferential lengths. Then the wrapped 
coil samples embedded in the silicone substrate can be seen in Figure 6-3.  
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Figure 6-3. Photograph of the developed AHM sample 2 - actuators are connected with 
silicone substrate 
 
6.2.3 AHM Demonstration 
 
To evaluate the performance of the developed AHM, silicone coated braided muscle was 
investigated for the pressure generation. The pressure generation of the heart muscle was 
initially demonstrated by inserting a liquid filled balloon connected with a tube inside the 
AHM. 
 
Figure 6-4. The feasibly study experimental arrangement (a1) Power source, (a2) sample 
1, (a3) the balloon, (a4) the electrical connections, (a5) the red liquid 
 
The demonstration study used AHM sample 1 as can be seen in Figure 6-4. The red 
173 
 
balloon (a3) was used to represent the heart which was covered by the sample 1 (a2). The 
sample was connected to the power source (a1) with the electrical connections (a4). Then, 
the heart muscle sample was heated using the electric power and a video was recorded 
accordingly. The red liquid in a tube (a5) is representing the artery of the heart. 
 
6.2.4 Pressure measurements of AHM 
 
The electrothermally driven actuators within the AHM contracts upon heating. A rigid 
testing model inserted inside the AHM will block the contraction of the muscle and will 
generate maximum pressure. The generated pressure of the AHM was measured using the 
below experimental set up. The pressure was tested to maintain the pressure range of 80-
90 mm Hg lower limit and 120-140 mm Hg for higher limit [209]. 
The actuating heart muscle was tested using the experimental set up shown in Figure 6-5. 
The objective of the experiment was to analyse the pressure generated by the heart muscle 
in relation with the temperature of the actuators. Pressure measuring Pliance X device 
(Novel, Munich, Germany) and software was used to monitor the pressure and 
thermographic infrared camera (thermoIMAGER TIM 160) (a4) with a software was used 
to monitor the temperature. 
The pressure sensor was attached to the testing model (a1) where the sensor (a3) was 
placed underneath the sample (a2). The sample was connected to the power supply (a7) 
using electrical connections shown in (a6). The pressure and the temperature were 
simultaneously monitored by the computer (a5). The sample was heated to 50°C by 
applying a voltage of 12.79 V and electrical current of 0.247 A. The temperature and 
pressure were recorded accordingly. 
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Figure 6-5. The experimental set up full view, (a1) the testing model, (a2) the heart 
muscle sample, (a3) the pressure sensor, (a4) IR camera, (a5) the screen monitoring the 
pressure, (a6) the electrical connections, (a7) power source 
 
6.3 Results and Discussion 
 
6.3.1 Single Actuator Characterisation and Modelling for AHM  
 
The single actuator filament characterisation allowed a comparison of the AHM filaments 
with natural heart fibres or tissues. The below section highlights the silicone coating can 
act as a thermal insulator for the actuator which is an added advantage of the silicone 
coating. The silicone coated actuators with three coating thicknesses that of 0.1 mm, 0.3 
mm and 0.5 mm are designated as C1, C2 and C3 and were presented in Chapter 4. The C2 
actuator with 20 mm length was further evaluated for artificial heart muscle to present a 
median performance. 
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Figure 6-6. The force and temperature graphs of C2 actuator coated and uncoated 
segments heated with different voltages to impose different heating rates, (a) 1.1 V with 
heating rate of 1.22°C /sec, (b) 2.1 V heating rate with 8.25°C /sec 
 
The temperatures of the coated and uncoated actuator segments were monitored with the 
force of the coated actuator as described in Chapter 4, section 4.2.4 The sample C2 was 
heated with different voltages of 1.1 V and 2.1 V which provided 1.22°C/sec and 
8.25°C/sec heating rates, respectively. As presented in Figure 6-6 (a) and (b) the applied 
voltages caused the coated fibre to heat to the temperature of 70°C while the uncoated 
fibre segment was heated to 72°C with 1.1 V and 84°C with 2.1 V. 
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Since, the heating rate of the actuator is greater than the thermal conduction rate of the 
silicone, the temperature of silicone coated sample increased at a lower rate compared to 
the uncoated actuator segment. Furthermore, the force generated by the actuator with 20 
mm length has increased from 298 mN to 435 mN that is with 30% with the increase of 
the heating rate by 85% due to different voltages. Consequently, the force has increased 
with the increasing temperature of the uncoated actuator irrespective of the temperature 
of the silicone coated C2 actuator that was heated to 70°C in both conditions. 
Heating actuators evenly to attain thermal equilibrium allows enough time to obtain data 
for force and stroke measurements. The C2 actuator was characterised for force and stroke 
measurements at thermal equilibrium for different temperatures to develop a 
mathematical approach to predict the actuator performance. As can be seen in Figure 6-7 
(a) the force generated by the actuator is increasing linearly with the temperature and is 
similar to previous results presented in the literature [179]. Moreover, as presented in 
graph (b) the stiffness of the actuator is reducing with the temperature, which also has 
been investigated in the literature with similar results [210]. As can be seen in Figure 6-7 
(c) the force and the stiffness of the material is exhibiting a near linear relationship with 
a standard error of 0.1. Therefore, the stiffness of the material for a specific force can be 
approximated by Figure 6-7 (c). 
The calculated stiffness and measured force values can be used to predict the force and 
stroke curve for the heated actuator as presented in Figure 6-8. The approach is to measure 
the force generated by the actuator; obtain the stiffness from Figure 6-7(c); and then 
estimate the force-stroke curve as a straight line. As shown in Figure 6-8 the predicted 
force-stroke curve of the actuator when heated with 2.1 V was reasonably close to the 
experimental results obtained from the silicone coated C2 actuator when heated to 77°C. 
Similarly, a reasonable prediction of the force-stroke curve when the actuator was heated 
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with 1.1 V was quite close to the measured curves obtained at 70°C. 
The stiffness of the actuators can be affected by the coating thickness as well. The 
accuracy of the above prediction for different thicknesses of actuator coating was 
evaluated with C1 and C3 actuators and the results are shown in Figure 6-9. 
 
 
 
 
 
 
178 
 
 
Figure 6-7. Comprehensive analysis of C2 actuator (20mm length) the (a) force, (b) 
stiffness against the temperature, (c) stiffness variation with the force 
 
Figure 6-8. The measured force stroke curve of C2 actuator (20 mm length) heating to 
40°C, 50°C, 70°C, 77°C and predicted for heating with different heating rates that of 1.1 
V and 2.1 V 
 
As presented in Figure 6-9 the predicted and the measured force/strain curves lie close to 
each other and the calculated and measured stiffness values exhibited 3% and 10% 
variation for C3 and C1 actuators respectively. Hence the above approach can be used to 
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predict the stiffness for a blocked force measurement for future modelling and 
comparison purposes irrespective of the thickness of the coating and the temperature.  
 
Figure 6-9. The calculated and measured force stroke measurements for C1 and C3 
actuators 
 
6.3.1.1 Comparison of the Artificial Muscle Filaments and Natural Cardiac 
Muscles Stripes 
 
According to a recent study the maximum possible contraction of the heart muscle strip 
is 6.9 % +/- 0.9% in isotonic condition and the maximum stress reported was the 9.2 
mN/mm2 under isometric condition [211]. The maximum stress generated by the 
individual AHM filament (C2 actuator heating with 2.1 V demonstrated in Figure 6-8) can 
be calculated from Eqn. 6-1 is 433 mN/mm2 with 7.1% contraction. Therefore, it can be 
concluded that there is a possibility to use the artificial muscle filament to perform similar 
as natural heart filaments.  
The stress was calculated using Eqn. 6-1, 
σ =  FA      Eqn. 6-1 
         = 433 mN / 1.002 mm2 = 433 mN/mm2 
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6.3.2 AHM Characterisation 
 
The first phase of this study was focused on determining the actuator arrangement in 
AHM and to evaluate the performance of the muscle. 
AHM sample 1 was tested for pressure generation. The AHM sample 1 was wrapped 
around a tube connected balloon filled with (water) as presented in Figure 6-10 (a). The 
pressure was generated by the sample compressing against the balloon. As a result of this 
applied pressure by the sample, the water is pushed up in the tube, as can be seen in Figure 
6-10 (b). The ability of the AHM to displace fluid from the balloon demonstrated the 
function of the artificial heart muscle as a pump like the heart. It was noted that sample 1 
was unevenly heated due to number of reasons. As the braided textile structure was 
fabricated by interlacing a number of individual actuators as can be seen in Figure 6-10 
(c), the current flow through the sample may not be even due to the electrical resistance 
variation of individual fibres. As can be seen in Figure 6-10 (c) the electrical connections 
are in parallel which are E1-E’1, E2- E’2…. to En-E’n but they demonstrate a variation in 
electric resistance due to the variation in tension and electrical conductivity. This 
difference in resistance can significantly disturb in even flow of the electric current 
through the braided structure resulting in unevenly heated artificial heart muscle.  
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Figure 6-10. The initial trial for the AHM (a) the muscle was wrapped around the balloon, 
(b) the liquid level goes up with the actuation, (c) the electrical connections of the braided 
structure which caused the uneven heating 
 
Sample 2 was fabricated to overcome the above challenge. A continuous fibre 
arrangement within the AHM was maintained with an actuator arrangement designed to 
maximize force generation. Sample 2 was fabricated using wrapping of parallel arranged 
long length actuator as can be seen in Figure 6-3 in section 6.2.2.  
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The sample was evenly heated as illustrated in Figure 6-11 (a), and the pressure generated 
by the sample 2 was reported as 140 mm Hg upon heating to the average temperature of 
48°C with standard deviation of 3oC operating with 13 V. 
 
Figure 6-11. The pressure of sample 2 heated to around 50°C (a) the thermal camera 
image with temperature graphs, (b) the pressure recorded as a function of time using 
embedded sensor  
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6.3.3 Improving the Cycle Time of AHM 
 
The human heart is an important organ which pumps blood to the body with 72 beats per 
minute in a healthy person by operating with cycle time of 0.8 sec [212]. The passive 
cooling rate of thermally driven artificial muscles depend on the thermal diffusivity of 
air. In the literature the highest frequency of 7.5 Hz was achieved using helium gas with 
high thermal diffusivity by wrapping the actuators with thinner CNT yarns to further 
enhance the cycle time [17]. In contrast the heating and cooling time of electrothermally 
driven artificial muscles operated in normal atmospheric conditions are generally with 
higher cycle times due to the lower cooling rates compared with helium. As can be seen 
in Figure 6-11 (b) the heart muscle sample was operated with total cycle time of around 
300 sec. The heating time of the sample can be controlled with the power supplied to the 
device. Nonetheless, the main challenge was to decrease the cooling time.  
The total performance of an AHM device may not only depend on the raw material being 
used, but also on the approach of operation. Sample 2 was tested further to explore the 
possibility of reducing the cycle time. The first operating strategy was with the 
temperature between 30°C and 50°C and the sample was heated by increasing the voltage 
from 13 V to 39 V. As can be seen in Figure 6-12 the cycle time was decreased to around 
111 sec. 
The second strategy used the same voltage as in the first strategy to heat up the sample. 
The initial pressure of the sample was set below to a lower pressure limit that of 70 mm 
Hg as can be seen in Figure 6-13 (a) and the sample was operated to maintain the pressure 
limits between 80 mm Hg and 140 mm Hg without cooling it back to the room 
temperature. Figure 6-13 (b) shows the performance of developed AHM. As can be seen 
in Figure 6-13 (b) the sample was able to exhibit the cycle time of 26 sec which was a 
lower than the cycle time achieved by strategy one. The temperature exhibited by the 
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sample was of 45°C and 53°C, to maintain the required pressure range. 
 
Figure 6-12. The time and pressure diagram of first strategy used to heat the AHM in a 
short period of time compared to phase 1 and cooling back to 30 ˚C 
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Figure 6-13. The strategy 2 which the sample was operated to achieve the required 
pressure limits of 80 mm Hg and 140 mm Hg (a) including the first cycle, (b) the rhythmic 
pattern excluding the first cycle 
 
The developed AHM device indicated that, it was able to decrease the cycle time by 77% 
using second strategy compared to first strategy. Therefore, as the operating strategy to 
decrease the cycle time will evolve in setting an initial pressure to a lower pressure than 
the required minimum pressure limit and then switching the power source on and off to 
maintain the required pressure range.  
 
6.3.4 Electronically Controlled AHM 
 
The integration of electronics in medical devices is a common approach. A simple 
electronic logic circuit was implemented with a pressure sensor to automatically control 
the AHM as can be seen in Figure 6-14 (a). The computer (a1) was connected for data 
recording purpose and the electric power source (a2) was used to supply power to the 
AHM. The magnified view of (a3) and (a4) are presented in Figure 6-14 (b) and (c) 
respectively. The pressure sensor (c1) was placed in between the heart muscle (c2) and 
the testing model (c3) during the actuation. The alligator clips (c4) are used for electrical 
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connections. The logic circuit (b1) was automated to maintain the pressure between the 
required values and was connected to the pressure sensor. 
 
Figure 6-14. The photograph of experimental setup (a) AHM connected to an electronic 
circuit, (a1) computer for data recording, (a2) power supply, (a3) electronic circuit, (a4) 
sample with sensor, (b) magnified view of electronic circuit, (b1) circuit board, (c) 
magnified view of sample with the sensor, (c1) pressure sensor, (c2) artificial heart 
muscle sample, (c3) testing model and (c4) electrical connection 
187 
 
As can be seen in the Figure 6-15 (a) the strategy 2 was used to operate the AHM device. 
The pressure was set to the lowest possible pressure limit of zero. When the electric power 
is applied to the AHM device, the pressure increased and upon reaching the upper 
pressure limit of 120 mm Hg the power was cut off and then the deactivation of the muscle 
takes place with cooling. The cooling process caused the pressure to decrease to the lower 
pressure limit of 80 mm Hg. Upon reaching the set lower limit the electric power was 
switched on again by the electronic circuit which completes a full cardiac cycle of AHM. 
Figure 6-15 (b) shows the continuous rhythmic cycle of AHM device excluding the first 
cycle where the pressure was first increased from zero. The AHM was able to operate 
with a frequency of 1.4 Hz, which is 14 beats within 10 sec, that is 84 cycles per minute 
(Figure 6-15 (c) (magnifying view) ) compared to 72 human heart beat cycles. The AHM 
was operated with a voltage of 32.5 V and heated to the maximum temperature of 65°C.  
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Figure 6-15. The pressure time graphs of electronically operated AHM illustrates (a) full 
operating cycle including the start and end cycles of the device, (b) rhythmic operation of 
the sample, (c) magnifying view of the area highlighted in graph (b) presenting the cycles 
for 10 sec 
 
6.3.5 AHM device to power an Artificial Heart  
 
As mentioned in the introduction most of the artificial heart devices are operating with 
hydraulic and pneumatic power. Even though battery operated artificial heart has been 
introduced with the electro hydraulic energy system, the internal pump weight is about 1 
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kg [201]. Besides, an AHM to replace the powering of current artificial heart will provide 
a breakthrough to the area of heart assistive devices.  
As fabricated artificial heart muscle with 1.13 cm * 10 cm * 0.2 cm dimensions and 
weighing only 3.9 g with a density of 1.73 g/cm3 has the potential to reduce the total 
weight and volume of artificial heart devices. Improving the pulsatility mainly on left 
ventricular (LV) assist devices and further miniaturisation [195] are areas that need 
further improvement and may be assisted by the AHM.  
In addition, the operating mechanism of artificial heart that is being used currently, 
depends on the pressure gradient of the inlet and outlet valves of the pumps. Therefore, it 
results in pump flow which is inversely proportional to the pressure gradient and directly 
proportional to the rotor speed. This mechanism of current artificial heart operation 
increases the risks of many complications [213-215]. As a precaution the speed 
modulation methods of the artificial heart to deliver maximum flow and further to control 
the speed to cater the physiological demands such as exercising are proposed. The speed 
of the fabricated artificial heart muscle can be controlled by heating rate with the power 
supply. Therefore, there is a potential in electrically operated AHM to be further 
programmed to control the speed and the pressure levels irrespective of the pressure 
gradient as it is intrinsically generating pressure. The artificial heart muscle combined 
with a soft heart chamber with carefully selected pressure range will valuably address the 
complications associated with current heart assistive devices. 
 
6.3.6 AHM as a Cardiac Sleeve or Patch 
 
The mechanical properties of the AHM were studied with the objective of comparing the 
device with other existing devices and natural muscles as well as for the future modelling 
and fabrication purposes. For a comprehensive analysis, force, stress and strain of the 
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fabricated AHM was calculated from the Young’s Laplace equation [216]. As described 
by this equation, if a band is stretched around a cylinder with tension (T) as illustrated in 
Figure 6-16 an inward force (F) is generated. As in Figure 6-16 (a) when the force is 
tangential to the cylinder surface there is no force exerted on the cylinder surface and in 
Figure 6-16 (b) the force applied on the surface of the cylinder is as double as the T of the 
band which is defined as the force per unit width. 
 
Figure 6-16. The law of Young-Laplace (a) a band is pulled with a tension of (T), (b) the 
band is pulled around a cylinder,(c) a schematic of heart muscle (with a width of w) 
wrapped around a cylinder with radius r (adopted from Basford et al [216]) 
 
Therefore, the force (Fw) exerted by the band which covers the width (w) of the band is 
given by Eqn. 6-2. 
Fw=2Tw      Eqn. 6-2 
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The Eqn. 6-3 described the relationship between the pressure (P) and T of the artificial 
heart muscle which is wrapped around a cylinder with a radius (r).  P= Tr         Eqn. 6-3 
The data used for the calculations of AHM are presented in Table 6-1.  
 
Table 6-1.Table of measurements used for the calculations 
 
 
 
 
 
 
 
 
When the artificial heart muscle is generating pressure of 120 mm Hg (16 kPa) and 80 
mm Hg (10.7 kPa) T can be calculated from Eqn. 6-3. 
T(120) = (16000 * 1.1 / 100) = 178 N/m 
T(80) = (10700 * 1.1 / 100) = 119 N/m 
Furthermore, the blocked force generated by the noncontracting heart muscle which was 
calculated using Eqn. 6-2 at two pressure limits of 120 mm Hg and 80 mm Hg are 4 N 
and 2.7 N, respectively.  
F(120) = (2 * 1.13 * 178)/100 = 4 N 
F(80) = (2 * 1.13 * 119)/100 = 2.7 N 
As the force generated is proportional to the number of parallelly arranged actuators as 
described in the previous chapter 4, the force generated by one actuator F1 is given by, 
F1(120) = 4 /10 = 0.4 N 
F1(80) = 2.7/10 = 0.27 N 
Parameter Measurement (cm) 
Circumference of the testing model 7 
Radius of the testing model 1.1 
Number of actuators in the sample 10 
Diameter of one actuator 0.113 
Width of the AHM (as the fibres are closely packed) 1.13 
Thickness 0.2 
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Furthermore, the stiffness of the muscles can be calculated as described in Figure 6-7 and 
the free stroke can be calculated for a 2 cm length from below Eqn. 6-4. F = k.x       Eqn. 6-4 
The parallel arrangement of actuators does not increase the stroke as described in chapter 
4. Therefore, the total muscle will produce a stroke similar to the single actuator. As can 
be seen in Figure 6-17, the force and strain curve for the AHM can be obtained to 
determine the stiffness for work output calculations.  
 
Figure 6-17. The force and strain curve of heart muscle sample at 120 mm Hg and 80 
mm Hg 
 
The blocked stress 𝜎𝜎 can be calculated using the Eqn. 6-4 where t is the thickness of the 
heart muscle. The calculated stress generated by the fabricated heart muscle was 89 kPa 
when generating pressure of 120 mm Hg using values presented in Table 6-1.  T=σt      Eqn. 6-5  𝜎𝜎 = 178 *100 / 0.2 = 89 kpa 
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6.3.6.1 Bio-mechanical Analysis of Human Heart Muscle and AHM  
 
A sensible modelling technique is presented in this section to compare the mechanica l 
properties of AHM and human heart muscle (HHM).  
The left ventricular (LV) of HHM will be considered for the calculation since it exhibits 
the highest pressure and stress during a cardiac cycle [48]. As can be seen in Figure 6-18 
(a) and (b) the diameter of the LV measured using a two-dimensional echocardiography 
was reported in the literature. In this study the diameter at the end systole was reported as 
2.3 - 3.9 cm when the heart muscle is generating the peak pressure value [48]. A height 
of 1.13 cm of LV is assumed to have a cylindrical shape which is equal to the height (h) 
of the cylinder as can be seen in Figure 6-18 (d). The average thickness of the LV wall is 
considered as 10.2 - 11 mm [48]. Data used for the calculation of HHM is summarised in 
Table 6-2. 
Table 6-2.Data summary used for the calculation of. HHM 
 
 
 
 
 
Equal widths of both natural and as fabricated AHM which is 1.13 cm were considered 
for a fair comparison as illustrated in Figure 6-19 (d) and (e). 
Parameter Measurement (cm) Reference 
Mean Radius-end systolic 1.55 [47] 
Mean wall thickness 1.055 [48] 
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Figure 6-18. Schematic illustration of, (a), (b) the LV diameter measurement using two-
dimensional echocardiography (adopted from Linda et al), (d) HHM wrapped around a 
cylinder, (e) AHM wrapped around a cylinder with a height of 1.13 cm 
 
From Eqn. 6-2 and Eqn. 6-3 the maximum force (FHHM) and maximum tension (THHM) of 
the HHM can be calculated respectively at the end of systolic when the pressure is at 
maximum value of around 120 mm Hg (1600 Pa) [217]. 
THHM (120) = (1600 * 1.55) / 100 = 248 N /m 
FHHM (120) = (2 * 1.13 * 248) / 100 = 5.6 N 
The blocked stress of the AHM can be calculated from Eqn. 6-5. 
Blocked Stress (HHM) = (248 *1000 N/m / 1.055 m) = 24 kPa 
 
The blocked stress of ass fabricated AHM calculated in section 6.3.6 is 89 kPa which is 
4-fold as the HHM. This analysis concludes a higher performance of AHM compared to 
HHM. 
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Several methods were reported in the literature to determine the cardiac tissue properties 
based on mathematical or computational models [218-220] and experimental methods 
[221, 222].  
Experimental measurements were taken for the active and passive force of natural 
muscles that are extensively used in many other studies including for the characterisat ion 
of cardiac tissues [204, 222]. Even though the terms used in the reported data for natural 
heart muscle are different to the terms used in material science, the close evaluation of 
these experimental techniques will permit a comparison of the end results. As per the 
experimental method the term “active force” is used for the isometric contractile force or 
the “blocked force” referred in artificial muscle evaluation that is induced by an electrical 
pulse. The “passive force” of the natural muscles was measured by elongating the muscle 
to a certain percentage from the initial length. The active and passive force are recorded 
by stretching the muscle from the baseline length where the passive tension is zero. Then 
the muscle is stimulated at different frequencies at the length which the active force is 
maximum [222]. 
 The isometric force measurements of electrothermally driven polymer based artific ia l 
muscles were produced by electrical heating. The experiments for the artificial muscles 
in this study were done by applying a minimum force that of 50 mN which is almost a 
negligible stretch. As per the theory both the actuator force and strain are maximum with 
the minimum pre-stretch of artificial muscles [179].  
Nonetheless, the above described experiments for both artificial and biological muscles 
measure the maximum force and stroke values within the respective range of 
performance. Hence, the blocked stress or the force of the artificial heart muscle can be 
reasonably compared with the active force of biological muscles which are activated with 
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same range of frequencies. 
A very recently reported cardiac patch tested using the above described procedure for 
natural muscle characterisation generated a specific force of 13.3 kPa for a 7 mm * 7 mm 
sample normalised to the cross sectional area and the active force or blocked force of 3.9 
mN with 20% pre stretch with 1 Hz frequency [205]. An AHM with the above size can 
generate a blocked or the active force of 2400 mN with 171 kPa specific active force 
normalised to the cross-sectional area with zero pre-stretch, and heating to the maximum 
temperature of 65°C with operating frequency of 1.4 Hz. Therefore, it can be concluded 
a similar size of AHM can generates 600-fold higher blocked force and 13-fold specific 
force than the recently reported cardiac patch. The calculations for the above values are 
presented below. 
The considered sample size is 7 mm * 7 mm 
Diameter of the fibre = 1.13 mm 
The number of actuators accommodated in the width = 0.7 / 1.13 = 6  
The force of one actuator 400 mN as per calculations in section 6.3.6.  
Total force generated by 7 mm * 7 mm size sample of AHM = 400 * 6 = 2400 mN 
Specific force = 2400 / (2 * 7) = 171 mN/mm2 
The thickness of the AHM sample is 2 mm 
Moreover, a computational method that used morphological and pressure data to 
determine the LV tissue material properties reported the maximum end systolic stress i.e. 
when LV is contracting and generating 120 mm Hg pressure, as 80 kPa in the fibre 
direction with the stretch of 1.3 ratio [220]. The stress generated by the AHM of 89 kPa 
in the fibre direction at 120 mm Hg is more like to the stress generated by natural heart 
muscle at end of systole. 
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6.3.7 Performance of AHM 
 
The performance parameters of AHM can be determined by the following equation 
described in Chapter 3 section 3.3.5.1 . 
𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 = 14 ∗ 12 (𝑘𝑘𝑖𝑖𝛥𝛥𝛥𝛥02) 
Where ki is the stiffness of AHM device when it is generating pressure. The stiffness of 
the heart muscle was calculated from the slope of the force and stroke curve.  
The work output of the AHM when generating 120 mm Hg can be calculated by applying 
the above equation. 
𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚  (120) = 14 ∗ 12 (922 ∗ 4.372) = 2.2 𝑚𝑚𝑚𝑚 
The stiffness of the AHM when generating 120 mm Hg is 922 mN/mm and the free stroke 
is 0.85 mm. 
As the heart muscle is operated in between 80 mm Hg and 120 mm Hg, the zero position 
is considered as when AHM is generating 80 mm Hg.  
The work output of the AHM when generating 80 mm Hg can be calculated as follows. 
𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚  (80) = 14 ∗ 12 (1122 ∗ 0.292) = 0.8 𝑚𝑚𝑚𝑚 
The stiffness of the AHM when generating 80 mm Hg is 1122 mN/mm and the free stroke 
is 0.54 mm. 
The work output of the AHM would be the difference of work generated when operating 
in-between 80 mm Hg and 120 mm Hg. 
WAHM = Wmax(120)- Wmax(80)= 2.2 -0.8= 1.4 mJ 
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The work out per unit mass, unit volume, unit length and the energy conversion efficiency 
of the AHM is calculated as follows. The weight and dimensions of as fabricated AHM 
(Table 6-1). 
Work out per unit mass      = 
WAHMMAHM =1.4 mJ /3.9g = 0.36 J/ kg  Eqn. 6-6 
Work out per unit volume = 
WAHMVAHM = 1.4 mJ/ (7 * 1.13 * 0.2) cm3   Eqn. 6-7 
= 881 J/m3  
Work output per unit length = 
WAHMlAHM  = 1.4 mJ/7 cm = 20 mJ/m  Eqn. 6-8 
Where WAHM is the work done, mAHM is the weight and VAHM is the volume and lAHM is 
the length of the AHM. 
The efficiency of the AHM can be calculated from the Eqn. 6-9. 
Efficiency  =  
WAHM E  * 100%     Eqn. 6-9 E=vIt 
 
Where, E is the energy input of the power source which is the product V - the voltage 
applied which is 32.5 V, I - electric current which is 0.63 A and t is 0.1 sec which is the 
cycle time of the AHM.  
Efficiency = (1.4 mJ/ (32.5 * 0.63 * 0.1)) J * 100 = 0.01% 
 “I” is calculated from 𝑉𝑉 = 𝐼𝐼𝐼𝐼 where R is the electrical resistance which is 51.4 Ω of the 
AHM at room temperature as it was difficult to observe the electric current changing in a 
high rate that of 1.4 Hz and the heating cycle was proceeded in 0.1 sec. The AHM was 
heated by applying 32.5 V 
The energy conversion efficiency is 0.01% of the AHM. 
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6.3.8 Assessment Trial with the Lamb Heart 
 
The biological implication of artificial heart muscle was further investigated by attaching 
the artificial heart muscle to a lamb heart as shown in Figure 6-19 The AHM was wrapped 
around a lamb heart and was heated electrically. As can be seen in Figure 6-19 (b) and 
(c) the liquid filled within the chamber of the lamb heart was raised up with the pressure 
applied by the AHM. In addition, the muscle arrangement in the heart as a sleeve may 
have its own advantages. The AHM will perform similar to the passive non-contracting 
polyester mesh, which was wrapped around both ventricular in heart to reduced LV size 
which is known as reverse ventricular remodeling [223-225]. Therefore, use of the 
artificial heart muscle by wrapping around the heart in patients will reduce the risk for 
cardiac remodeling as well. 
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Figure 6-19. Photograph of assessment of the AHM in a lamb heart (a) the muscle 
wrapped around the heart, (a1) lamb heart, (a2) AHM, (b) screen shot of the video of 
activated status of AHM, (c) deactivated AHM 
 
The above experiment demonstrates the feasibility of pressure generation in a natural 
heart by the AHM. 
 
6.4 Conclusion 
 
An electrothermal actuator based AHM was successfully fabricated which was able to 
generate a pressure of 120 mm Hg. The main advantage of this device is that it can be 
operated by electric power as a clean source of energy with a voltage of 32.5 V. Therefore, 
there is a possibility of operating it with a portable battery and miniature electronic circuit 
which will drastically reduce the volume and weight of the power system of current 
artificial heart.  
The blocked stress generated by the AHM is 4-fold higher than that of HHM of the LV 
as presented in section 6.3.6.1. Moreover, 600-fold higher blocked force, and 13-fold 
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specific force generated in comparison with the recently reported cardiac patch are some 
of the other findings of the study.  
The artificial heart muscle was tested with a miniature model with a volume of 4 cm3 
which is 27-fold smaller than the total volume of the LV at end of diastole. In addition, 
the total surface area of the AHM is 2-fold lesser than the surface area of the LV. A careful 
selection of an optimized material structure may reduce the operating temperature from 
65°C of the AHM. The operating temperature can be further reduced by fabricating AHM 
with layers of actuators stacked on top the other that will increase the tension and pressure.  
The programmable and pre-determined pressure through modelling is another major 
advantage of fabricated AHM device. The optimised design of the robotic AHM device 
will improve patient’s wellbeing and provide a magnificent solution for the heart patients 
who are waiting for donors.  
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Chapter 7  
Conclusion and Future Recommendation 
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7.1  Conclusion 
 
The thermally induced artificial muscles made from coiled polymer fibre actuators exhibit 
a large linear actuation. The research reported to date has progressed on studying 
fundamental aspects of these artificial muscles to aid materials for future applications. 
The theoretical comparison of these artificial muscles highlights the performance 
exceeding the natural muscles in many aspects. This PhD research was aimed to develop 
an actuating textile as a strategy to combine these actuators to be integrated into practical 
application. The main aim of the thesis was progressively achieved through working out 
on five sub objectives.  
As the first objective of developing a similar testing and data analysing techniques for the 
actuator and textile was achieved by a thorough study of the actuating material behavior. 
Initially, a method of measuring the temperature which is a major parameter in 
characterization of thermally driven actuators was established after a detailed analysis. 
After considering the advantages, the infrared thermal video capturing was selected as a 
contactless technique. This method enables analysis of the heating of the actuator in detail 
and evaluating whether an even heating of the actuator and textile occurs for a consistent 
performance. The actuation tests for individual actuators and textiles were designed in a 
similar approach to perform the measurements in isometric mode at a fixed length and to 
obtain unloading and loading curves to extract data for the full range of motion. The 
simultaneous measuring of temperature and actuation permit the on-time data capturing 
for characterization. The project introduced the work output calculation method which is 
a combination of approaches practiced in the literature for natural and artificial muscle. 
As fabricated artificial heart muscle was compared with human heart muscle with the 
theoretical framework of natural muscles. Some of the theories applied in materials 
engineering applications such as the Young-Laplace theory was applied to the natural 
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heart for theoretical comparison of artificial and natural muscles. The characterising, data 
analysing and interpreting, and modelling techniques used in the thesis was able to build 
an impartial approach for the comparison of actuators and actuating material structures 
with natural muscles and muscle structures.  
The second objective was to investigate the effect of different means of heating on the 
actuator performance and was accomplished by experimenting with two approaches of 
electrothermal heating. A nonwoven textile was fabricated in the initial stage of the 
project to harvest electrothermal energy which was used to heat the actuators as an easy 
method of fabrication. The highest standard deviation of the actuator heating with the 
nonwoven textile renders the opportunity to use the conductive nonwoven in actuating 
textile as a heating element. However, the approach of heating individual actuators 
connecting with a conductive element exhibited an even heating along the actuator 
especially by twisting the conductive thread together with monofilament and wrapping a 
Cu conductive element around the actuator to form hybrid actuators. The even heating 
was also achieved with a sole conductive actuator that is fabricated with silver coated 
nylon (SCN) multifilament yarn which demonstrated the highest performance parameters 
among all the types of actuators. Therefore, the textile was fabricated with a long length 
of SCN conductive actuator. The textile demonstrated an even heating as the current flow 
is same for a voltage applied across is same in a single actuator. The even heating of the 
actuators, textiles and the artificial heart muscle leads to accurate modelling and 
performance comparison. 
Integrating actuators in a textile was set as the third objective. The main challenge of 
electrical shorting due to mechanical intersections was overcome by applying a silicone 
coating around the SCN actuator. The conductive actuator coated with silicone allowed 
the actuators to be closely woven, knitted or arranged within any material structure. The 
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silicone coating acted as an electrical insulator as well as a thermal insulator specially 
when operating at higher heating rates. The material properties of silicone enable it to be 
heated to a higher temperature at thermal equilibrium compared to the heating of uncoated 
actuator. This increases the work output of silicone coated actuator by 23% with the same 
energy input even though it reduces the single actuator performance (force and strain) 
because of silicone coating. The fabricated knitted and woven textile demonstrated a close 
match for calculated and measured force and strain curves. Moreover, it has been 
discovered that the force of woven textile is proportional to the force generated by the 
number of actuators and the strain values are exactly matching with the strain values of 
the single actuator. In addition, the equations were developed to calculate the force and 
the strain of knitted textiles. The pre-measured performance parameters will allow the 
design of textiles that will bring the actuating textile closer towards to the applications. 
The fourth objective was focused on further enhancing the actuating textile performance 
by improving the performance of actuators. As the multifilament SCN yarn exhibited the 
highest performance of the various actuators, an effort was taken to produce multi ply 
yarn to enhance the force and stroke. As per the experimental results increasing number 
of yarns in the ply caused a decrease in the force and strain of the actuators. The 
fundamental reasons for the behavior of the plied yarn actuation was identified as the 
plied yarn length change which leads to a dimensional change in the actuator. The 
characteristics of the plied yarn actuators constrained them to be used in the actuating 
textile for performance enhancements.  
As demonstrated by the woven textile structure the parallel arrangement of a continuous 
actuator was able to amplify the force while retaining the strain of the single actuator. 
Finally, an artificial heart muscle was fabricated by parallel arrangement of a long length 
of silicone coated actuator. A single long length actuator was wrapped around a 
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cylindrical pipe and coated with soft silicone material. This actuator was able to generate 
a pressure that is similar to the systolic blood pressure of 120 mm Hg. The actuator 
demonstrated a frequency of 1.4 Hz that produce 84 cycles per minute against the 72 
human heartbeat cycles.  
 
7.2 Future Recommendations 
 
Progress has been made to shift artificial muscle research more towards the practical 
applications. Moreover, the theoretical modelling for textile structures and heart device 
was performed using various approaches for future designing purposes.  
However, for these actuators to be used as implants in artificial organs there needs to be 
ways to stimulate the muscles using a lower temperature. Heating is used to generate 
thermal expansion in the actuators that ultimately causes the length contraction. Other 
means for generating a volume change that do not involve large temperature changes 
would be preferable for implantable applications. The force generated by the material 
structures can be further improved using layers of actuators or trying out different 
constructions. Incorporating an active cooling technique such as combining with phase 
change materials may further improve the consistent operation of actuators or devices 
while improving the cycle time. In addition, the law efficiency may be mainly due to the 
high specific capacities and high resistance of polymer fibers. Developing polymers with 
law specific heat capacities and electrical resistance will enhance the performance 
efficiency of these actuator types. 
The fabricated artificial heart muscle was tested on a rigid model. As the next step the 
heart muscle should be tested by integrating with an artificial heart model for assessment. 
As mentioned above further reduction of the operating temperature and biocompatibil ity 
of the materials need to be appraised to use the heart muscle as an implant. Developing 
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biocompatible materials for actuators or composites will open up new opportunities to 
use these actuators in other biomedical devices or applications. 
Material research should be conducted to search other possible materials to perform 
higher actuations which will improve the force, strain generation and work output.  
A remarkable improvement of artificial muscles and their application has been made with 
the recent research. Finally, introducing systems and machineries for continuous bulk 
production of the actuators and material structures such as textile will be an added 
advantage to widely use these electrothermally driven actuators in soft robotics, bio 
medical applications, energy harvesting devices, apparel and many other applications 
which will benefit the mankind. 
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